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Abstract
The energy density available from batteries is increasingly becoming a limiting factor
in the capabilities of portable electronics. As a result, there is a growing need for
compact, high energy density sources. This thesis presents the design, fabrication,
and testing of a fully-integrated permanent-magnet turbine generator based on silicon
MEMS technology envisioned to replace batteries. The air-driven device, supported
on gas bearings, has been experimentally shown to deliver 19 mW to matched resis-
tive loads of 0.33 Q~ while operating at a rotational speed of 40 krpm. With an active
volume of 41 mm3 , this translates to a power density of 0.46 mW/mm3 . By extrapo-
lating the experimental data up to the design speed of 360 krpm, it is expected that
the integrated generator can deliver 1.5 W of output power.
This research represents the first batch-fabricated permanent-magnet generator
shown to generate milliwatt-level power, with a further potential to deliver watt-level
power. To achieve full integration, a broad range of topics are examined, including
the design of gas bearings, high-speed mechanical analysis using non-ideal material
interfaces, magnetic rotor balancing, and novel fabrication techniques.
A major challenge unique to the integrated device is the need for both silicon and
non-silicon components on the same die. While the silicon components are precision
micromachined using DRIE and can withstand high temperatures, the permanent
magnets are laser-machined separately and rapidly demagnetize when exposed to
heat. Similar problems exist for the copper surface windings. The differences are
reconciled with the use of a novel drop-in technique, which involves placing non-
silicon components into the die after all the silicon fabrication is complete.
Thesis Supervisor: Jeffrey H. Lang
Title: Professor of Electrical Engineering and Computer Science
Thesis Supervisor: Zoltan S. Spakovszky
Title: Associate Professor of Aeronautics and Astronautics
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CHAPTER 1
INTRODUCTION
Engineering is the professional art of applying science to the optimum conversion of
natural resources to the benefit of man.
-Ralph J. Smith
Electric generators come in different shapes and sizes, but their primary purpose
is similar - to transduce mechanical energy into electric energy that can power elec-
tronic devices, appliances, and vehicles. The mechanical energy comes from various
sources such as wind, steam, ocean waves, vibration, or even a person turning a hand
crank. A subcategory of electric generators is turbine generators, which are energy
conversion devices with an embedded turbine typically driven by fluids or gases. This
thesis focuses on the design and analysis of a micro-scale permanent-magnet turbine
generator powered by compressed air and supported on a set of gas bearings. For this
device, the turbine extracts energy from compressed air and spins eight permanent
magnets above surface-wound copper coils, which convert the captured time-varying
magnetic flux into a three-phase output voltage. In and of itself, a permanent-magnet
generator design is not groundbreaking. Rather, the challenge is associated with gen-
erating multiple watts from a device comparable in size to a shirt button.
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Figure 1-1: A typical high bypass-ratio turbofan engine. Air is fed into the engine
from the left and progresses through the compressor, combustor, and turbine before
being exhausted out the right. (Courtesy of Pratt & Whitney)
This chapter opens with a brief outline of past and recent efforts to create a self-
sustained gas turbine engine, based on the Brayton cycle, containing a permanent-
magnet generator located on the compressor side of the engine. After this, the discus-
sion focuses exclusively on a "cold" magnetic generator device powered by compressed
air instead of jet fuel, and previous works conducted in this research area are reviewed.
Issues complicating the design of a fully-integrated permanent-magnet generator us-
ing silicon MEMS technology are also covered. Finally, the goals and objectives of
this thesis, along with the requirements that the generator system must meet, are
highlighted.
1.1 The Pursuit of a Self-Sustained Engine
A typical gas turbine engine consists of a compressor, combustion chamber, and
turbine. Air is drawn into the compressor and pressurized isentropically, sometimes
as much as thirty times higher, and sent through the combustion chamber. In the
combustion chamber, fuel injectors mix fuel, usually kerosene, propane, jet fuel, or
natural gas, with the highly pressurized air, and the mixture is ignited, ideally at
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Figure 1-2: Schematic rendering of the magnetic generator integrated with the self-
sustaining engine. The permanent-magnet generator is attached to the compressor
side to minimize its exposure to heat, since the magnets demagnetize when exposed
to high temperature. (Courtesy of David Arnold, GIT [2])
constant pressure. Following ignition, the hot air expands and rushes out across the
turbine, which spins the compressor by means of a shaft. In some instances, the
turbine also delivers power to an additional load such as a turbofan in commercial
jet airline engines. An example of this engine configuration is shown in Fig. 1-1.
Designing a gas turbine engine is nontrivial due to its high internal temperatures and
pressures as well as the high speeds that the mechanical components must withstand
without fracturing.
For the past decade, researchers at MIT have attempted to create a miniature gas
turbine engine coupled to an electric generator that produces enough power to replace
batteries [16,17]. Typical batteries have an energy density of 100-400 W-hr/kg while
hydrocarbon fuels used in gas turbine engines have an energy density of 12-14 kW-
hr/kg, so a gas engine converting chemical energy in hydrocarbon fuel to useful electric
energy with 5% efficiency outperforms batteries [13]. This improvement translates to
a weight reduction of mobile power sources. A schematic of the envisioned fully-
integrated gas turbine engine and generator is shown in Fig. 1-2. The magnetic
generator is located on the compressor side of the gas turbine engine because the
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operating temperature is lower in that region, around 300 'C, which decreases the
chance of demagnetization. Because the turbine provides power to both the generator
and the compressor, the power extracted by the turbine must exceed the net power
dissipated to sustain the engine. To this end, the power consumed by the magnetic
generator, as well as the gas thrust and journal bearings supporting the rotor axially
and radially, should be minimized.
Although much research has been conducted for individual components of the
self-sustaining engine, including the compressor, combustor, turbine, air bearings,
and magnetic generator, the integration process has yet to be demonstrated. Given
that self-sustaining operation has not been proven as of this writing, the goal of this
thesis is not to integrate the magnetic generator with a fuel-driven engine but rather
to focus on integrating the generator with the turbine and gas bearings only. Such an
attempt has been made for an electric induction generator, but the generated power
- 192 1tW at a rotational speed of 250 krprn - was significantly below the multi-watt
target [44].
1.2 Permanent-Magnet Turbogenerator
As described earlier, a permanent-magnet turbogenerator converts time-varying mag-
netic flux from rotating permanent magnets into an induced voltage on the surface
windings. The complete energy conversion process from enthalpy stored in com-
pressed air to electric power output is shown in Fig. 1-3. Enthalpy is first converted
into mechanical energy by the stator and rotor turbine blades to power and spin the
magnetic rotor. Because neighboring sectors of the permanent magnets are polarized
1800 out of phase, the spinning magnets create a time-varying axial flux, which is
captured by the three-phase, eight-pole surface windings with three turns per pole.
Through this process, the surface windings convert mechanical energy into electric
energy, and a time-varying open-circuit voltage, whose amplitude depends linearly
on the rotor speed, is generated on each winding phase. An optional rectifier circuit
conditions the output power before delivering it to an electronic load.
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Figure 1-3: Energy conversion process using a magnetic generator. Enthalpy in com-
pressed air is converted to mechanical energy through the turbine blades, and the
mechanical energy drives the permanent magnet pieces to create a time-varying flux.
This alternating flux penetrates the surface windings beneath the rotor, which in-
duces a voltage on the windings that can then be conditioned to power electronic
devices. (Adapted from David Arnold, GIT [2])
The permanent-magnet turbogenerator described above is an axial generator, but
it is not the only configuration possible. For example, the magnets can be polarized
radially, which would necessitate vertical windings for magnetic flux capture. Given
that the turbogenerator is fabricated using silicon MEMS technology, however, planar
features are preferred.
1.3 Review of Previous Works
At this point, it is useful to review previous research on microscale permanent-magnet
generators and gas bearings capable of supporting a high-speed generator. The author
notes that microscale permanent-magnet machines are not the only way to convert
energy from fuel to electricity. In fact, researchers at MIT have actively explored
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Figure 1-4: Integrated microturbogenerator fabricated by Raisigel et al. The magnetic
rotor is cut from bulk SmCo or NdFeB and is supported radially and axially by ahybrid magneto-pneumatic bearing. (Courtesy of Hynek Raisigel [37])
electric [18,29,34,44] and magnetic [4] induction machines for integration into the self-
sustaining engine. Moreover, many macroscale permanent-magnet generators have
been demonstrated, with power output ranging from 5 kW at 200 rpm to 20 kW at
211 rpm [7,49,54]. However, because the topic of this thesis is portable, multi-watt
permanent-magnet generators, the literature search is confined to this research area.
1.3.1 Microscale Permanent-Magnet Generators
Arnold provides an excellent summary of microscale rotational and oscillatory mag-
netic generators in his review article [3], so such efforts are not duplicated here.
Instead, key research developments on integrated magnetic turbine generators are
highlighted. At present, the highest experimentally demonstrated power density of
a microscale rotational magnetic generator is 220 W/cm3 , as described by Raisigel
et al. [37]. In this paper, an 8 mm diameter magnetic rotor is cut either from bulk
SmCo or NdFeB using electrical discharge machining and magnetized with up to fif-
teen pole pairs. This rotor, with a set of turbine blades on the back side, is supported
by a magneto-pneumatic bearing and spun above a three-phase stator coil winding
attached to a printed circuit board. Raisigel demonstrates that this rotor-stator pair
generates 14.6 mW of power with the rotor spinning at 58 krpm. Furthermore, when
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the rotor is enclosed in a titanium mount and attached to an air-driven spindle, the
generator produces 5 W at 380 krpm with 66% electrical efficiency. Similar to the
metholodgy adopted by Raisigel, Arnold et al. [2, 13] shows that when a magnetic
rotor enclosed with titanium is spun using an air-driven spindle above surface wind-
ings microfabricated using electroplating and SU-8 molding, 8 W is generated at a
rotational speed of 305 krpm. This rotor, embedded with both a soft NiFe magnetic
core and an annular NdFeB permanent magnet, lacks turbomachinery and cannot be
spun independent of the spindle. Another permanent-magnet generator design comes
from Holmes et al. [21], who shows that a 7.5 mm diameter polymer-based axial-flux
magnetic rotor crafted by excimer laser micromachining generates 1.1 mW at a rota-
tional speed of 30 krpm. Unlike the design used by Raisigel, this rotor runs on ball
bearings, which places a limit on the maximum operating speed. The reported power
density of this device is 0.027 W/cm3 . More recently, Herrault et al. [20] demon-
strates that an air-driven, fully-integrated permanent-magnet generator fabricated
using stereolithography is capable of generating 0.8 mW when spun to 203 krpm.
The integrated device includes a 2 mm wide rotor embedded with NdFeB permanent
magnets and a FeCoV back iron , three-phase surface-wound copper coils, and a set
of off-the-shelf high-speed ball bearings. Similar to the design by Holmes, the rotor
is fabricated from a polymer.
There is another subcategory of microscale permanent-magnet generators that
deserves mention. Instead of relying on inertial forces, as is the case for micro gas
turbine engines, a viscous rotary engine power system, currently under examination
by Cauley et al. [24], uses surface viscous shearing forces instead. In such a system,
the viscous turbine interacts with an external permanent magnet, embedded nickel-
iron magnetic circuits, and a switched magnetic pole electric generator to convert
mechanical energy into electric energy. Cauley performs a preliminary power output
and efficiency calculation using water as the driving source, and it is expected that
825 mW can be generated using a pressure drop of 5 MPa across the device. Currently,
only simulated data is available for this device.
A common thread that runs through the cited permanent-magnet turbogenerator
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research is that while the rotor design is well understood and power generation capa-
bility can be verified quickly through the use of air-driven spindles, there is limited
success in designing a fully-integrated magnetic generator compatible with the self-
sustaining engine. First, none of the reported turbine generators utilizes gas bearings
alone, a key requirement enabling the eventual integration of the generator with the
high-temperature, high-pressure self-sustaining engine. Furthermore, designs contain-
ing non-silicon components such as titanium and polymers are incompatible with the
gas turbine engine batch fabrication process, which makes extensive use of DRIE.
Instead, a silicon-based rotor is preferred.
1.3.2 Silicon Gas Bearings
Much research has been performed at MIT with regard to gas journal and thrust
bearings capable of supporting silicon rotors up to 500 m/s tip speeds in anticipation
of building the self-sustaining engine. Although this thesis does not explicitly make
contributions to gas bearing theories, it is useful to review recent bearing research at
MIT because the integrated permanent-magnet generator makes use of these bearings.
Spakovszky et al. [42] performed extensive modeling on ultra-short hydrostatic gas
journal bearings that are designed to operate at speeds exceeding two million rpm.
The referenced paper derives scaling laws for the journal bearing natural frequency
and damping ratio, both of which are required to understand the maximum allowable
rotor imbalance and highest stable operating speed. An accompanying paper by Liu et
al. [28] describes various operational protocols and guidelines for high-speed operation
based on the developed hydrostatic bearing models. These protocols and guidelines
have been successfully applied to a micro bearing rig - a test device containing a
solid silicon rotor 4.2 mm in diameter - and rotational speeds up to 1.7 million rpm
have been achieved by Teo [46].
All the rotors successfully demonstrated thus far on the MIT gas bearings are
made entirely from silicon. The rotor used by Livermore and Steyn in the electric
induction machine includes a region of highly doped polysilicon [29,441, but it does
not contain magnetic materials. Experimental bearing results presented in this thesis
36
1.4. Challenge of Achieving Full Integration
Figure 1-5: Test stand for air-driven spindle magnetic generator. In this setup, the
rotor is conventionally machined and the stator is micromachined on a magnetic
substrate. The rotor is attached to the spindle using a shaft and does not have
turbomachinery blades. (Courtesy of David Arnold, GIT [2])
for the turbogenerator device is the first instance of a rotor containing substantial
non-silicon components being supported by the MIT gas bearings.
1.4 Challenge of Achieving Full Integration
Previous research on the turbogenerator by Arnold et al. [2,13] sidestepped the inte-
gration of the magnetic rotor and stator used for generating power and the multi-wafer
silicon gas bearing structure required to stably support the rotor. Instead, the blade-
less, conventionally machined rotor was attached to an air-driven spindle using a shaft
and spun on top of a Niso0Fe15Mo5 magnetic stator containing microfabricated copper
coils. A picture of the non-integrated test stand is shown in Fig. 1-5.
It is interesting to understand why the integration process was not attempted
even though the geometry of the generator was designed with MEMS technology in
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mind. Perhaps the most salient difficulty in achieving full integration is the divergence
in methodologies and requirements between the fabrication of the silicon structure
and the fabrication of the magnetic and winding components. As explained in Sec-
tion 1.3, silicon gas bearing fabrication requires complicated photolithography (more
than twenty masks for the current project) and well-characterized DRIE for feature
definitions. In particular, the DRIE machine at MIT used to cut the gas journal
bearings does not accept metal-contaminated wafers, so the magnetic and winding
components cannot be integrated until all the etching is complete. Furthermore, be-
cause the gas bearings require internal pipings and other supporting features, the
entire silicon structure typically occupies six wafers or more. This necessitates fusion
bonding, a metal-less procedure, between multiple etched wafers, with some bonding
features as narrow as 50 ym. Therefore, surface cleanliness is of utmost importance
- one dust particle a few microns large can render multiple devices useless. On the
other end of the spectrum, soft magnetic materials used for the rotor and stator cores
are usually electroplated in a chemical bath, and this process can take weeks if the
required thickness is large. Given the long duration, it is difficult to ensure that pro-
tective surface films - photoresist or thermal oxide - will hold perfectly. With any
failure in the protective layer, magnetic material will plate onto the bonding surface
and render the devices useless. At the same time, thrust bearing nozzles with diam-
eters on the order of 10 lm can become clogged during the electroplating process if
precautions are not taken.
Another issue making integration difficult involves a requirement unique to the gas
bearings supporting the magnetic rotor. The natural frequency of the journal bearings
is typically low, which means that the rotor must operate supercritically above the
bearing natural frequency in order to obtain watt-level power output. Below the
bearing natural frequency, the rotor spins about its geometric center, but when the
rotor is accelerated to high speeds, it spins about its center of mass instead. This
transition occurs at the bearing natural frequency, during which the rotor exhibits
significant radial excursions if the damping ratio of the journal bearing is small and
the rotor eccentricity, defined as the distance between the geometric center and the
center of mass, is large. Because the ultra-short hydrostatic gas bearings used in the
turbogenerator device have low damping ratios, the radial excursions can be large
even for modest eccentricities, and this can potentially result in the rotor contacting
the journal bearing sidewall and "crashing." To date, no analytical models exist
to relate geometric and weight variations in the magnet manufacturing process to
the resulting magnetic rotor eccentricity. In other words, the acceptable bounds of
manufacturing tolerances have not been established.
Even after the rotor is successfully taken supercritically, it can still crash if the
operating speed is beyond the whirl stability limit of the journal bearing. Due to
synchronous precession of the rotor about its center of mass while spinning super-
critically, a hydrodynamic forcing acting orthogonally to the rotor motion is induced,
which has the potential to destabilize the rotor [46]. The onset of this instability
can be related to the natural frequency of the journal bearing using the whirl ratio
R. Inherently, the whirl ratios of ultra-short gas bearings are high, but because the
natural frequency of the bearing is low due to the heavy magnetic rotor, it is possible
for the rotor to hit this stability boundary during device operation.
The third barrier to full integration relates to mechanical issues that remain unre-
solved. During previous research, the rotor casing was formed from titanium because
the goal was to rapidly demonstrate power generation with a permanent-magnet ma-
chine while deferring issues relating to silicon integration [5]. Although an air-driven
spindle test demonstrated that the titanium rotor, embedded with SmCo permanent
magnets, was capable of operating up to 325 krpm before the magnets fractured, the
failure speed derived from FEA did not correspond well with experimental data. This
is acceptable for the titanium enclosure because titanium is not brittle and can yield
to a certain extent without failing catastrophically. However, a fully-integrated tur-
bogenerator rotor is constructed from silicon, which is brittle at room temperature,
so excessive stress will fracture the device. Upon examining the assumptions used
in the previous FEA, the author found that the models assumed perfectly bonded
mechanical interfaces throughout the rotor. This boundary condition was not verified
through an examination of the interfacial stresses, so it is likely that the fully-bonded
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boundary condition is in fact invalid.
All the issues discussed in this section will be examined carefully in this thesis.
New models will be developed to address both high-speed mechanical stress and mag-
netic rotor balancing, which will provide insight into necessary design modifications
and innovations. At the same time, fabrication challenges will be resolved through
design compromises between the silicon and non-silicon components. Finally, the new
design will incorporate a set of gas bearings capable of carrying the magnetic rotor
to 360 krpm.
1.5 Thesis Goals and Objectives
This thesis attempts to address the issues and challenges posed by fully integrating
the permanent-magnet generator into a silicon device using MEMS technologies. In
particular, the previous magnetic rotor and stator designs are reassessed to increase
their compatibility with the silicon turbomachinery and gas bearings. Below is a list
of the major goals and objectives for this thesis.
1. Identify key features in the previous turbogenerator rotor and stator design
that make batch fabrication using silicon MEMS technology difficult. Chapter 2
develops appropriate modifications to the device, including new choices of rotor
and stator magnetic materials, to correct these shortcomings. The changes
are constrained by the 10 W output power specification and the need for a
reasonable mechanlical-to-electrical energy conversion efficiency.
2. Design appropriate gas thrust and journal bearings to support the heavy mag-
netic rotor, taking into consideration magnetic interactions between the per-
manent magnets in the rotor and laminated stator core. These developments
are made in Chapter 3 and lead to the first instance where a rotor containing
non-silicon material is spun using the MIT gas bearings.
3. Improve the high-speed mechanical modeling of the magnetic rotor by consid-
ering the effects of non-bonded material interfaces. Propose possible rotor con-
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figurations that possess mechanical robustness while conforming to fabrication
and gas bearing requirements. These topics are examined in Chapter 4
4. Understand the maximum imbalance that the gas bearings can tolerate, and
develop a computer program to translate the allowable imbalance into bounds
on geometric variations during the magnet manufacturing process. Chapter 5
focuses on these issues as well as appropriate protocols and methods for con-
structing a magnetic rotor with minimal imbalance.
5. Create a fabrication process flow that accommodates both the silicon and mag-
netic requirements simultaneously. The silicon wafers require absolute cleanli-
ness while the magnetic components require low temperatures and long chemi-
cal electroplating baths. To bridge particularly troubling spots, new fabrication
techniques and paradigms are necessary, and they are discussed in Chapter 6.
6. Develop and demonstrate operating protocols required to spin the magnetic
rotor supercritically above the journal bearing natural frequency. Experimental
results, as well as lessons learned, form the basis of Chapter 7.
7. Combine all the advancements and demonstrate the first 10 W fully-integrated
silicon turbogenerator supported by high-speed gas bearings. Insights and ex-
perimental data from the generator tests are discussed in Chapter 8.
There are two experimental milestones that are critical to the success of this
project. The first milestone will prove that the MIT gas bearings are capable of sup-
porting a heavy rotor containing laser-machined magnets. This is important because
a heavy rotor has never been spun before on MIT gas bearings, and it is unclear
whether the previously developed bearing theories [27,46] will apply without modi-
fications. At the same time, if the magnetic rotor is able to spin supercritically, it
follows that the protocols designed to minimize imbalance associated with the magnet
manufacturing process work. As will be discussed with greater detail in Chapter 7,
the laminated stator core and copper surface windings are eliminated for this test to
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minimize the system complexity. However, their removal precludes the assessment of
rotor stability in the presence of magnetic rotor and stator interactions.
The second milestone, covered in Chapter 8, involves the generation of electric
power. By combining magnetic rotors shown to spin supercritically from the first mile-
stone with a magnetic stator, it will be possible to probe the induced voltages on the
three-phase winding and determine the generated power. The achieved mechanical-to-
electrical power conversion efficiency can also be assessed. Experimental success will
result in the world's first demonstration of power generation from a fully-integrated
silicon permanent-magnet turbogenerator supported by gas bearings.
1.6 Generator System Requirements
To be considered a success, the fully-integrated turbogenerator must meet certain
design metrics. Specifically, it must, at a minimum, conform to the following require-
ments.
1. Be fabricated only using technologies suitable for batch fabrication. Conven-
tional machining involving drill presses, mills, and lathes should not be used.
However, at this time, it is acceptable for the device package to be formed using
conventional machining.
2. Eliminate the need of external, non-integrated bearing structures for rotor sup-
port. At this time, external valves, controllers, and pipings are allowed if the
integrated bearing requires them, but it needs to be theoretically possible to
eliminate these items in the future.
3. Operate stably over long durations. Specifically, the lifetime of the generator
should be at least longer than the device it is replacing - batteries. Ideally,
the turbogenerator should work indefinitely if left unperturbed.
4. Be geometrically compatible with the design of a self-sustaining engine powered
by JP-8 fuel. The permanent-magnet turbogenerator should also ideally be able
to withstand temperatures found in the self-sustaining engine, although this is
not a strict requirement at this point.
1.7 Organization of Thesis
To break down the design of such a complicated device into manageable parts, this
thesis treats one integration challenge per chapter. By the end of the thesis, the dis-
cussion will have traversed electrical, mechanical, material, bearing, and fabrication
engineering. The drawback of presenting the issues individually is that the reader
may have a difficult time understanding the complex interactions between the differ-
ent topics, so care has been taken to insert chapter references where appropriate.
In Chapter 2, a review of the previous generator design is used as a stepping stone
to discuss ways to improve compatibility between the magnetic rotor and the silicon
turbomachinery and gas bearings. The gas bearings used in the fully-integrated device
prefer a light rotor, so the rotor is redesigned to minimize weight while preserving its
power output capability. At the same time, the material selections for the permanent-
magnet and rotor back iron are examined to determine whether they are suited for the
fully-integrated device; if not, new ones will be chosen. A similar design procedure is
applied to the magnetic stator and surface windings.
Bearing engineering is covered in Chapter 3, and the focus is on designing a pair of
gas thrust and journal bearings capable of stably supporting the heavy magnetic rotor
at high rotational speeds. The effects that the magnetic initeractions have on bearing
stability are examined in detail, and the performance of the gas bearings is also
compared to that of ball bearings so the reader understands the difference between
the integrated device and the previous air-driven spindle device. Other components
related to the bearing design, including the air flow channel dimensions and seals, are
also discussed. Finally, this chapter examines a turbomachinery design that generates
sufficient mechanical power to drive the generator and bearings.
Chapter 4 covers the mechanical analysis required to design a robust permanent-
magnet rotor capable of generating 10 W of output power. In particular, three types
431.7. Organization of Thesis
1. Introduction
of rotor configurations - full-annulus, pie-annulus with spokes, and pie-annulus with
magnet locators - are examined for their strengths and weaknesses, and the most
suitable configuration for integration is selected. FEA is used extensively to determine
the stresses and deformations of all three rotor configurations for both fully-bonded
material interfaces as well as interfaces that may have delaminated during high-speed
operation. The material properties of silicon and magnetic components used in the
rotor and stator are also presented.
In Chapter 5, the critical subject of rotor balancing in the presence of magnet
manufacturing variations is discussed. The chapter begins by reviewing the imbalance
limit for supercritical rotor operation and develops a statistical model for relating
geometric and mass variations in the magnet pieces to the resulting imbalance after
the pieces are inserted into a silicon rotor housing. Methods for reducing the magnet
imbalance, including an insertion protocol and a solder-fill procedure, are examined.
Putting together all the design knowledge learned in Chapter 2 through Chap-
ter 5, a fabrication process for integrating the magnetic generator with the MIT gas
bearings and silicon turbomachinery is proposed in Chapter 6. The key to achieving
fabrication compatibility between silicon and the magnetic material is compartmen-
talization and segregation, since the technologies used for defining features in silicon
are not compatible with technologies required to form the magnetic components. A
heavy bearing rig process flow is described in this chapter for creating a test die that
assesses key fabrication technologies as well as the ability of the MIT gas bearings to
spin a heavy magnetic rotor. This rig is identical to the final turbogenerator device
except that the magnetic components in the stator are eliminated. A second pro-
cess flow describes the fabrication of the magnetic stator. New fabrication methods
explored in this chapter include low-temperature bonding, drop-in surface windings,
deep NiFe electroplating, and solder-filling of a deep silicon cavity.
Chapter 7 describes the testing procedures as well as important experimental
results and conclusions for the heavy bearing rig. One goal of this chapter is to show
that the MIT gas bearings can support a rotating heavy magnetic rotor supercritically
without going unstable. By running the rig with both an actual magnetic rotor as well
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as a solid silicon test rotor weighing half as much as the magnetic rotor, the testing
process will generate two additional data points to which the previously developed
bearing theories [27,46] can be compared against. This will be the first verification
of the bearing theories on rotors containing non-silicon components.
Following the bearing rig results, test data for the fully-integrated permanent-
magnet turbogenerator is presented in Chapter 8. This chapter describes the three-
phase power delivered to matched resistive loads using a fully-integrated silicon device,
which is the first time such a feat has been reported in literature. The turbogenerator
performance is also compared to theoretical predictions based on models developed
by Das [13].
Finally, Chapter 9 provides the concluding remarks on the permanent-magnet
generator project. Key contributions of this dissertation, both in terms of scientific
achievements and engineering accomplishments, are described along with pointers
to potential areas of future works. In particular, because this thesis only considers
the design and fabrication of a "cold" device driven with compressed air, there is
much that remains to be done to integrate the permanent-magnet generator into the
self-sustaining engine. This final integration will require further improvements in
magnetic material properties and structural engineering.
1.8 Research Collaboration
Given the scope of this research, it would be impossible to accomplish the task of
full integration without collaborative help from other universities. This thesis rep-
resents a collaborative effort with Florian Herrault, Chang-Hyeon Ji, and Professor
Mark Allen at the Georgia Institute of Technology (GIT), and Keithan Hillman and
Professor David Veazie at Clark Atlanta University (CAU). GIT is responsible for
the fabrication of the drop-in surface windings, electroplating of the rotor back iron
and laminated stator core, and laser cutting of permanent magnet pie pieces. CAU is
responsible for characterizing the mechanical strength of the magnetic material and
developing the electrical discharge machining process for cutting magnet pieces. MIT
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is responsible for the development and fabrication of the silicon heavy bearing rig as
well as the silicon components for the integrated device. This includes the rotor and
stator redesign, bearing engineering, imbalance modeling, and rotor structural analy-
sis. Furthermore, MIT is responsible for the testing and experimental characterization
of both the heavy bearing rig and the fully-integrated turbogenerator device.
CHAPTER 2
ROAD MAP TOWARD A
FULLY-INTEGRATED DEVICE
Design is not just what it looks like and feels like. Design is how it works.
-Steve Jobs
2.1 Introduction and Motivation
In previous permanent-magnet turbogenerator designs by Das et al., the goal was
to demonstrate overall feasibility as well as the ability to predict output power and
machine performance using a set of theoretical electromagnetic derivations based on
Maxwell's equations. Although some thought was given toward integration, such as
choosing rotor and stator heights compatible with standard silicon wafer thicknesses,
the focus was on power generation. Furthermore, since the magnetic rotors were spun
on an air-driven spindle supported by ball bearings, gas bearing challenges such as
achieving low rotor imbalance and high whirl stability limits were not considered.
Given the goal of designing a fully-integrated turbogenerator supported on gas bear-
ings for multi-watt generation, a number of challenges must be overcome using a
combination of new and previously developed technologies. For example, the mag-
netic rotors used by Das contain annular magnets. However, because this magnet
shape introduces significant rotor imbalance if the magnet is not concentric with the
rotor, the rotor cannot invert if the hydrostatic journal bearing damping ratio is too
low. As will be shown in Chapter 4, this problem is resolved by the use of eight pie
piece magnets in place of the annular magnet.
2.1.1 Objectives and Scope of Chapter
This chapter treats the design of the fully-integrated magnetic rotor and stator on
a high-level basis. Challenges unique to the integrated device, along with strategies
to overcome them, are also outlined. On the other hand, the finer rotordynamics,
turbomachinery, gas bearings, and fabrication details are deferred until subsequent
chapters. In particular, this chapter covers the following topics.
1. Designing the magnetic rotor and stator to facilitate batch fabrication and in-
tegration with the silicon-based gas bearings. These topics are discussed in
Section 2.2 and Section 2.3.
2. Determining whether the previous magnetic material selections are ideal for a
fully-integrated device. Section 2.2.4, Section 2.2.5 and Section 2.3.2 investigate
this issue and propose new materials where appropriate.
3. Elucidating new challenges associated with the fully-integrated 10 W silicon
turbogenerator and briefly describe strategies to overcome them. Refer to Sec-
tion 2.4 for details on this topic.
2.1.2 Chapter Organization
The chapter begins with the magnetic rotor design and discusses ways to maximize
output power while minimizing the rotor mass. This mass reduction simplifies the
gas bearing design, described more fully in Chapter 3. At the same time, the best
magnetic air gap to use, as well as the appropriate material selections for the rotor,
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Permanent Mounting
Magnet Adaptor
Figure 2-1: Schematic drawing of magnetic rotor design used previously. Both the
permanent magnet and back iron are 500 pm thick, and the rotor is attached to an
air-driven spindle using a shaft. (Courtesy of David Arnold, GIT [2])
is examined. After these discussions, the focus shifts to the magnetic stator, which
includes the copper surface-wound windings and the laminated NiFe core. Issues
including dimensional optimization and material selection are covered. Finally, chal-
lenges unique to the fully-integrated device, such as magnetic rotor balancing and
low-temperature bonding, are described.
2.2 Designing the Magnetic Rotor
As shown in Fig. 2-1, the magnetic rotors used in previous turbogenerator research
[13] consist of a titanium housing that encloses a conventionally machined 500 Am
Fe49Co49V 2 (Hiperco 50) back iron and a 500 pm annular permanent magnet made
either from SmCo or NdFeB. Both the back iron and permanent magnet are dropped
into the housing and glued. Although this design is sufficient for preliminary tur-
bogenerator testing where the rotor is attached and spun on an air-driven spindle,
there are several drawbacks that make the design unsuitable for the fully-integrated
turbogenerator. The most important issue is the inability to produce the rotors in
a precise and massively-parallel way. Each titanium housing, back iron, and perma-
nent magnet must be individually machined and assembled by hand. This problem is
resolved by fabricating the rotors using a silicon MEMS process, the details of which
will be presented in Chapter 6. Additionally, the rotors likely have large imbalances,
defined as the distance between the rotor's geometric center and the center of mass.
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Figure 2-2: Schematic side view of fully-integrated turbogenerator. The center region
shown in red represent the magnetic rotor, which is free to rotate. Note that the die
is divided into a top region and a bottom region, and the two sections are attached
using an eutectic bond.
As Chapter 3 will show, unbalanced rotors exhibit large radial excursions in the hy-
drostatic journal bearings if the bearing damping ratio is too low. Therefore, in the
worst case, rotors containing annular magnets will not invert and spin to 360 krpm.
The focus of this section is on optimizing the rotor to make it compatible with
the fully-integrated device. Because the gas bearings cannot easily support a massive
rotor, the first optimization involves rotor mass reduction together with strategies
to distribute the rotor mass between the permanent magnets and back iron in order
to retain high output power. Furthermore, the magnet and back iron material are
studied to determine whether the fabrication of the fully-integrated device can be
simplified by a change of materials.
To facilitate the discussion on rotor optimization, a cross-sectional view of the
proposed fully-integrated turbogenerator is shown in Fig. 2-2. The turbogenerator
consists of a magnetic stator that remains stationary and a magnetic rotor, highlighted
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Figure 2-3: Cut-away 3-D rendering of fully-integrated turbogenerator. The lami-
nated magnetic stator core is shown in yellow. Note that for ease of viewing, the
rotor back iron and permanent magnets have not been rendered.
in red, that spins when compressed air is supplied through the turbine inlets. Similar
to the previous rotor design, the integrated magnetic rotor consists of a back iron
of thickness tr,bi and a permanent magnet of thickness tr,pm. The rotor is supported
by gas journal bearings in the radial direction and gas thrust bearings in the axial
direction, and there is an air gap tag that separates the permanent magnet from the
surface windings. Fig. 2-3 is a correctly scaled 3-D rendering of the turbogenerator
device that clarifies the location of components depicted in the cross-sectional view.
Before optimizing the magnetic rotor and stator, however, various device param-
eters and their nominal values need to be described. Unless otherwise noted, the
reader should assume that the values shown in Table 2.1, except for the parameters
being optimized, hold for all simulations performed in this chapter. Several values,
especially in the radial direction, are carried over from the design by Das because
they correspond to reasonable permanent magnet dimensions. Note that parameters
relating to the gas bearing design are described in Chapter 3.
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Parameter Name Symbol Nominal Value
Air gap
Permanent magnet conductivity
Permanent magnet inner radius
Permanent magnet outer radius
Permanent magnet remanence
Permanent magnet thickness
Rotational speed
Rotor back iron conductivity
Rotor back iron thickness
Rotor radius
Spacing between magnet pieces
Stator core insulation width
Stator core lamination width
Stator core thickness
Surface winding conductivity
Surface winding inner radius
Surface winding outer radius
Surface winding pole pairs
Surface winding thickness
Surface winding turns per hole
Temperature
tag
om
Rim
Rom
Br
tr,pm
w
Ubi
tr,bi
tsi
Wsp
Wins
Wlam
tse
Uc
Rci
Reo
P
tcl
N
T
100 Ipm
6.3 x 105 S
2.65 mm
4.90 mm
1T
500 pm
360 krpm
6 x 106 S
50 pm
6 mm
300 pm
50 pm
75 pm
900 jm
5.8 x 107 S
2.65 mm
4.36 mm
4
200 jm
3
25 oC
Table 2.1: Nominal values for magnetic generator design. Unless otherwise noted,
these parameter values apply to all simulations performed in this chapter.
2.2.1 Limitation on the Rotor Mass
It is instructive to briefly understand the reason why the rotor mass should be limited.
In general, the highest rotational speed for an integrated turbogenerator is set by both
mechanical limitations and bearing stability limitations. As the rotor mass increases,
the hub of the rotor must support more radial load at high speeds, and the stress
level increases correspondingly. This is undesirable because the magnets are brittle
break with increasing stress.
On the other hand, rotor mass also affects the highest speed at which the gas
bearings can stably support the magnetic rotor. According to Teo [46], there exists a
rotational speed where instability associated with the gas journal bearing results in
rotor crashes. This speed is related to the natural frequency of the journal bearing
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by the whirl ratio R, as discussed in Chapter 1. In turn, the natural frequency is
related to the rotor mass. For a given design speed, the bearing design strategy is to
achieve a sufficiently high whirl stability limit, and a number of technologies, such as
stiffness anisotropy in the journal bearing, have been developed for this purpose.
2.2.2 Optimizing the Output Power
Given the rotor mass limitation for the fully-integrated magnetic rotor, the available
mass should be distributed such that output power is maximized. For the following
calculation, the mass of the silicon housing is held constant since the rotor height is
determined by the 900 ym long journal and the 350 pm tall turbomachinery, both
of which are described more fully in Chapter 3. Given this restriction, the mass
optimization is limited to the back iron and permanent magnets. Generally speaking,
the permanent magnets act as a source of magnetic flux, and the back iron redirects
the flux efficiently. As such, both are crucial to obtaining the 10 W output power,
but the magnets are more important because without a source of flux, the back iron
is not useful. The relative importance between the magnet and back iron determines
the percentage of rotor mass to give to each component.
Fig. 2-4 shows the normalized output power as a function of magnetic mass, which
is the sum of the back iron and magnet masses, as well as the percentage of the
magnetic mass given to the "active" component - the permanent magnets. This
plot, generated from theoretical models developed by Das [13], assumes a rotor speed
of 360 krpm and an air gap between the magnets and surface windings of 100 pIm.
From the plot, a sharp 30% increase in output power is observed when the percent
active increases from 10% to 20%. This confirms the observation that without any
flux to begin with, the back iron does not serve a useful purpose. However, beyond
a percent active of 30%, the output power remains relatively flat and even decreases
slightly when the magnetic mass is 200 mg. For a magnetic mass greater than 300 mg,
increasing the percent active does improve the output power, but the power increase
diminishes beyond a percent active of 50%. This suggests that given a limited mass,
it should be distributed approximately evenly between the magnets and rotor back
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Figure 2-4: Normalized output power for different magnetic mass distributions be-
tween back iron and permanent magnets. For this graph, the rotor spins at 360 krpm
and the air gap between the magnets and surface windings is 100 /um. The magnets
are assumed to be made from NdFeB with p = 7400 kg/m 3 while the back iron is
made from NiFe with p = 8600 kg/m 3 .
iron. Fig. 2-4 also shows that increasing the rotor magnetic mass visibly increases
output power only when the percent active is low. For percent active above 50%,
magnetic mass increases are less useful.
Combining this chart with the availability of specific permanent magnet and back
iron thicknesses, the final thicknesses chosen for the fully-integrated device are 500 Ym
for the permanent magnets and 50 ,m for the back iron. Note that these thicknesses
result in a percent active of only 9%, which contradicts the optimal design space de-
scribed earlier. This discrepancy is explained below. The magnet thickness is chosen
based on the available stock of NdFeB and the fact that manufacturers are unwilling
to produce thinner magnets due to surface corrosion. Assuming a magnetic dimension
similar to the previous generation rotors, which have an inner radius of 2.5 mm and an
outer radius of 5 mm, the 500 /m thick magnet would weigh 218 mg. Given that the
maximum rotor weight is approximately 450 mg based on Teo's experience [45], the
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Figure 2-5: Output power as a function of back iron thickness. The results for a
rotor with ;to material substituted for the back iron are also shown for comparison
purposes. For this graph, the rotor spins at 360 krpm and the air gap between the
magnets and surface windings is 100 um. The magnets are assumed to be made from
NdFeB while the back iron is made from NiFe.
silicon housing and back iron should not exceed 232 mg. From Chapter 3, the silicon
rotor is 900 ym thick disregarding the turbine blades, so its weight is about 162 mg if
the rotor outer radius is assumed to be 6 mm. This means that the back iron can be
at most 70 mg. Factoring in margins for the turbine blade sets the maximum back
iron weight at 50 mg, which restricts the back iron thickness to 100 Pm. In theory,
using the maximum allowed back iron thickness is best, but because a thick back iron
is difficult to fabrication, the thickness is set to the aforementioned 50 pm.
To confirm whether the decision to limit the back iron thickness to 50 pm is
sound, the theoretical output power was characterized as a function of the back iron
thickness. The results, shown in Fig. 2-5, suggests that 1 W of power is lost by
decreasing the back iron thickness from 100 pm to 50 /im. Although undesirable,
the trade-off is worthwhile because it reduces the fabrication complexity of the rotor.
Note that the output power defined here is prior to any external power conditioning
losses.
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Figure 2-6: Normalized output power for different magnetic air gap tag. For thisgraph, the rotor spins at 360 krpm and the magnetic mass is split evenly betweenthe magnets and back iron. The magnets are assumed to be made from NdFeB withp = 7400 kg/m3 while the back iron is made from NiFe with p = 8600 kg/m 3 .
2.2.3 Air Gap Sensitivity Study
The output power produced by the turbogenerator is a function of the magnetic air
gap tag defined in Fig. 2-2. Because this dimension is not tightly constrained, it is
useful to consider how modification to this parameter affects the generator output
power. Fig. 2-6 shows the normalized output power as a function of air gap and
magnetic mass, defined in Section 2.2.2, with the assumption that the magnetic mass
is divided evenly between the permanent magnets and back iron. From this graph, a
150 pm increment in air gap for a rotor weighing 400 mg decreases the overall power
by only 5%, and even for a 200 mg rotor, the change is only 15%. Based on these
numbers, the turbogenerator output power is not sensitive to the air gap. This stems
from the fact that for a low pole count generator with a sufficiently small air gap, the
magnetic field strength decreases linearly instead of exponentially inside the gap [13].
From an electrical point of view, a smaller air gap results in more output power,
but because the rotor spins at high speeds above the surface windings, Couette flow
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Figure 2-7: Schematic rendering of Couette flow between two surfaces rotating past
each other with a relative velocity U. (Adapted from Senturia [39])
losses can become significant as the air gap is decreased. To approximate the Couette
loss, consider both the rotor and surface windings as solid discs that are rotating
past each other with an angular velocity Wm = U (r) /r where U (r) represents the
tangential velocity at radius r. Note that this analysis assumes that the surface
windings extend all the way across the width of the rotor; in reality, some of the
regions beneath the rotor are occupied by seals and the aft thrust bearing pad. If one
"unrolls" the two rotating surfaces by mapping r into x and examines the steady-state
velocity distribution of flowing air within the gap of height h = tag, it will resemble
the plotted line in Fig. 2-7. The tangential velocity varies linearly from zero at the
bottom of the gap to U (r) = wmr at the top of the gap. From Senturia [39], the shear
stress acting on the plates is
T- (r)= - tg • (2.1)
tag
where p is the dynamic viscosity of air. Dividing the surfaces into differential hoops,
each hoop of width dr experiences a retarding force of
Wmf2Fhoop (r) = -2Y wmrdr . (2.2)
tag
Therefore, upon each rotation of the rotor, the total energy consumed per differential
hoop is
Whoop (r) = -47r2p dr, (2.3)tag
tA
h-
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and the power consumed is
Phoop (r) = W = -27rp dr . (2.4)
2 7r/wm tag
Finally, integrating the consumed power across the entire rotor surface,
Pvisc = Phoop i(r) . (2.5)f0 2 tag 81 *
Note that Wm is the rotational speed in rad/s, and Ri is the radius of the rotor.
Fig. 2-8 shows the viscous loss as a function of rotational speed and magnetic air gap
assuming Rji = 6 mm and u = 2 x 10-5 N-s/m2. The viscous loss is less than 1 W
for all speeds of interest as long as the air gap is greater than 75 pm. Given that
the target output power is 10 W, such loss is at most 10% of the generated power
and is acceptable from an engineering perspective. As the air gap is decreased below
50 rim, the viscous loss becomes increasingly significant once the rotor is accelerated
past 100 krpm. Based on this observation and the desire to maximize electrical power
out, a reasonable air gap to choose is 100 ,m. This is the final value chosen for the
fully-integrated machine.
2.2.4 Permanent Magnet Selection
Two types of high-remanence, rare-earth permanent magnets were considered by Das
et al. [13] for use in the turbogenerator rotor. The first kind, made from Sm 2Co 17,
has an energy product of BHma ; 240 kJ/m 3 and can withstand temperatures up
to 300 'C without significant loss of magnetic remanence. Fig. 2-9 shows the output
power plotted as a function of operating temperature, and one can see that the drop
in power is very gradual. This is favorable from the fabrication perspective because
the rotor can be subject to elevated temperature treatments without much concern.
Unfortunately, SmCo suffers from a severe mechanical drawback since the fracture
strength is only 30-40 MPa. Given that the rotor experiences much higher stress
levels at its operational speed near 360 krpm, the use of SmCo is not preferred;
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Figure 2-8: Rotor viscous loss for different rotational speed and magnetic air gap.
For this graph, Rsi = 6 mm and p = 2 x 10- 5 N-s/m 2.
magnet failure almost assures an instantaneous destruction of the integrated die.
NdFeB permanent magnets offer more robust mechanical properties, with a frac-
ture strength of approximately 80 MPa. Furthermore, its energy product is higher
than SmCo, with BHmax a 400 kJ/m 3 . This translates to a higher output power
compared to a SmCo rotor spinning at comparable speeds. Nonetheless, NdFeB also
has a drawback in that it cannot withstand temperatures much higher than 100 'C.
If the magnets are exposed to elevated temperatures for long durations, the magnetic
remanence is significantly and permanently lowered. Fig. 2-10 shows that at a mere
operating temperature of 150 oC, the output power tends toward zero for all speeds
of interest. This is problematic from a fabrication perspective since the final die as-
sembly includes a bonding process where two halves of the dies are sealed together
after the magnetic rotor is inserted between the dies. Typically, a bonding process
involves heat, and it is challenging to find an ultra low-temperature procedure that
is compatible with the NdFeB magnets.
Ultimately, due to the unacceptable mechanical weakness associated with the
SmCo magnets, NdFeB is selected as the permanent magnet material. To overcome
A
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Figure 2-9: Output power as a function of speed and temperature for SmCo magnets.
The rotor and stator parameters used are those typical of a fully-integrated device.
the temperature restriction imposed by the use of NdFeB magnets, extensive research
into ultra low-temperature eutectic bonding was performed, and Chapter 6 devotes
an entire section to this subject. Note that for future magnetic rotor designs, a
permanent magnet material that combines the strength of NdFeB with the thermal
properties of SmCo is much preferred.
2.2.5 Back Iron Selection
The rotor back iron used in previous non-integrated turbogenerator designs was con-
ventionally milled from a sheet of soft magnetic material. Consequently, the back iron
material selection process was flexible, and a material with high permeability and sat-
uration flux density - Hiperco 50 - was chosen. However, the current design calls
for a fully-integrated approach, which restricts the back iron material to those that
can be readily electroplated. According to GIT, Hiperco 50 is difficult to electroplate,
so an alternative soft magnetic material, NislFe19, is chosen for the integrated rotor.
Arnold et al. [2] demonstrated that a 300 /m thick NiFe disk can be electroplated
directly into a silicon mold without the use of a seed layer. This electroless plating
method greatly simplifies the rotor fabrication process by eliminating the need for
a blanket metal deposition process on the rotor. Nonetheless, the drawback from
2.3. Magnetic Stator Engineering
* Temp = 25 C
* Temp = 50 C
Temp = 100 C
STemp = 150 C
xTemp = 200 C
* U
a
100 150 200
Speed (krpm)
250 300 350
Figure 2-10: Output power as a function of speed and temperature for NdFeB mag-
nets. The rotor and stator parameters used are those typical of a fully-integrated
device. Note that for all operating temperatures above 150 'C, the output power is
essentially zero for all speeds of interest.
using NiFe as the rotor back iron is the reduced saturation flux density, meaning that
magnetic saturation is more likely.
2.3 Magnetic Stator Engineering
Referring to Fig. 3-1, the fully-integrated stator includes both silicon components
associated with the gas bearings and magnetic components that enable mechanical-
to-electrical power conversion. Unlike the previous turbogenerator, the radial and
axial dimensions of the magnetic and winding components are not arbitrary but
instead must conform to the geometries of the gas bearings. Furthermore, because
the stator core is now laminated to improve machine performance, simulations are
required to determine the optimal lamination and insulation width to use in order to
maximize output power. This section treats these issues in detail.
2.3.1 Lamination Width Optimization
Given a particular turbogenerator design, there is a set of lamination and insulation
widths that maximizes the output power. The laminations are drawn as yellow blocks
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Figure 2-11: Output power as a function of stator core lamination and insulation
widths. For this simulation, the rotational speed is set at 300 krpm, and the stator
core is assumed to be made from NiFe.
in Fig. 3-1 while the insulations, formed from silicon with a thin thermal oxide on the
sidewalls, are shown in gray. Based on gas bearing requirements described more fully
in Chapter 3, the stator core is limited to an annular region between r = 2.650 mm
and r = 4.862 mm.
Fig. 2-11 shows a family of curves representing the output power as a function of
lamination and insulation widths given the area restriction. These curves, generated
for a rotational speed of 300 krpm and a stator core formed from electroplated NiFe,
show that thinner insulation rings are preferred when maximizing output power. This
is reasonable because thinner insulation layers allow the magnetic material to occupy
more area, so the packing factor, defined as the width of the laminations divided
by the sum of the width of a lamination and an insulation, is closer to unity. In
other words, output power increases as one travels vertically through the family of
curves for a fixed lamination width. Furthermore, for a given insulation width, there
is an associated lamination width that maximizes the output power. For a specific
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insulation width, a small lamination width results in a low packing factor, and a
large lamination width results in wasted magnetic material because the lamination
becomes thicker than two skin depths. After eliminating the option of using 25 pm
insulations due to fabrication difficulties, the final design choice employs a lamination
width of 75 pm and an insulation width of 50 Am.
2.3.2 Stator Core Selection
Similar to the rotor back iron, a wide selection of soft magnetic material is available
for use in the laminated stator core. Because the laminated stator core extends
approximately 900 pm in the axial direction and each "ring" is only 75 Am wide,
the core must be electroplated. Therefore, the chosen stator magnetic material must
be easy to electroplate, and the rate of electroplating should remain uniform over
long durations, given the 900 uLm depth. During previous research on the magnetic
generator, Arnold [2] demonstrated that NiFe can be electroplated bottom-up through
500 jm trenches of width 60-180 pm by attaching a seed wafer to the bottom of the
trenches using photoresist and selectively exposing the photoresist using the trenches
as a hard mask. Given the past success associated with NiFe electroplating, this
material is chosen for the fully-integrated device. Note that if a better stator core
material such as Hiperco 50 is used in future designs, the machine performance can
be further enhanced.
2.3.3 Scaling the Surface Winding
The fully-integrated turbogenerator uses the second generation copper surface wind-
ings designed by Das et al. [13] as a starting point. In the previous design, shown
in Fig. 2-12, the surface windings was fabricated directly on top a sheet of NiFeMo
(molybdenum permalloy) and electrical connections were made using six pads that
extended out to the side of the windings. However, electrical connection for the in-
tegrated device must be made through the back of the die, and there is insufficient
space to seat large pads. Consequently, the winding design is scaled down so the
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Figure 2-12: Previously used concentric wound surface windings. The winding has
three turns per pole and eight poles. (Courtesy of Sauparna Das, MIT [13])
outermost feature has a radius of 4.36 mm; all other features are scaled accordingly.
Furthermore, the connector pads are replaced with six bendable feedthrough tabs, at-
tached to the surface windings, that thread downward through the device to establish
electrical connections. The actual design of the winding, as well as the fabrication
process, are described more fully in Chapter 6.
2.3.4 Electrical Feedthrough for Surface Winding
It is important that the electrical feedthroughs for the surface windings be carefully
designed because they contribute additional resistance and inductance, both of which
can adversely affect machine performance. To quantify these unwanted parasitics,
consider a single feedthrough, shown in Fig. 2-13, constructed out of either NiFe or
copper. For a conductor, the associated skin depth is approximated by
-2-6= 2 (2.6)
where /f represents the permeability of the conductor and af represents the conductiv-
ity of the conductor [52]. Using bulk values for NiFe, pf = 800po and af = 5 x 106 1/2-
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rof = 5.12 mm
h= 1 mm
Figure 2-13: Rendering of an electrical feedthrough for surface windings. The shaded
region indicates the skin depth associated with a NiFe feedthrough, and it represents
where most of the current will flow.
m. On the other hand, pf = /io and af = 6 x 107 1/Q-m for copper. Therefore, the
skin depth for NiFe is approximately 48.7 /m and the skin depth for copper is 398 pm
at 360 krpm. Assuming that the current flows uniformly through one skin depth all
around the electrical feedthrough of thickness hf = 1 mm, the resistance of a single
NiFe feedthrough is
hfRf =- 0.383 mQ , (2.7)
aA
with A denoting the total shaded area in Fig. 2-13 [22]. In comparison, because the
skin depth of copper is greater than the feedthrough width, a copper feedthrough has
a resistance of 0.11 mQ. To calculate the feedthrough inductance, assume that the
H field distribution varies linearly from 0 to J6 between the edge of the feedthrough
and one skin depth. J represents the current density inside the electrical feedthrough.
Given this assumption,
Lf = ifH (r)( 2dV (2.8)
where
H (r)= A-- (rif + - r) , rif < <r if + (2.9)i2 (2.9)
H (r) = 1 2 (r + 6 - ror) , rof - n < r < rof .
-A A4 -
hI 1m
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Evaluating the integral, one determines that for the NiFe feedthrough, Lf = 1.55 nH.
Similarly, the copper feedthrough exhibits 0.3 nH of inductance. Based on previously
fabricated surface windings, the typical parasitics is 170 iniQ for the resistance and
0.16 [ilH for the inductance. Comparing these values to the calculated parasitics of
either a NiFe or copper feedthrough, it is apparent that the feedthrough parasitics are
much smaller than the winding parasitics and can therefore be safely ignored. Note
that the calculation performed here is valid only for a chosen feedthrough geometry
of rif = 4.91 mm and rof = 5.12 mm.
Ultimately, copper is used because it allows the feedthroughs to be fabricated
together with the surface windings, which are also made from copper. At the same
time, this choice minimizes the resistive and inductive parasitics. NiFe would be a
more suitable choice if the feedthroughs were electroplated together with the stator
core instead of being fabricated as part of the surface windings.
2.4 New Challenges
Based on the goal of creating a fully-integrated device, there are several challenges
that must be solved. These challenges can be divided into those relating to the
magnetic rotor and others that relate to the magnetic stator. In this section, the
challenges are briefly discussed; solutions are proposed in subsequent chapters.
2.4.1 Magnetic Rotor
Referring to Fig. 2-2, the fully-integrated magnetic rotor is different from the air-
driven rotor in that turbine blades replace the shaft hole. Also, the rotor is supported
by gas bearings instead of ball bearings. Finally, the rotor housing is fabricated from
silicon using MEMS technology and not conventionally machined from titanium.
Imbalance Requirements
In past rotor designs, the permanent magnet and back iron material were both con-
ventionally machined into annular rings and glued to the titanium rotor housing.
Consequently, the geometric center of the rotor and its center of mass differed due
to machining tolerances and misalignment during the insertion process. When a ro-
tor supported by bearings accelerates from speeds below the natural frequency of
the bearings (subcritical) to speeds above the natural frequency (supercritical), the
center of rotation changes from the geometric center to the center of mass. Further-
more, a large radial excursion of the rotor occurs at the resonant frequency, and the
amplitude of this excursion is driven by rotor imbalance, defined as the distance be-
tween the geometric center and the center of mass. With excessive rotor imbalance,
the rotor will crash into the journal bearing sidewall during transcritical operation.
This is unacceptable for the fully-integrated rotor because gas bearings typically have
low natural frequencies - about 1-2% of the 360 krpm design speed - so a poorly
balanced device will not generate appreciable power.
The main challenge will be to fabricate a silicon-based rotor with minimal im-
balance and place the back iron and permanent magnets into the housing without
further increasing the imbalance too much. Because the back iron is thin compared
to the permanent magnets, most of the imbalance will arise from the magnet inser-
tion. Annular ring magnets generate large imbalances with any misalignment during
insertion, so a new magnet shape is necessary.
Magnet Compatibility with Die Bonding
Although they possess high magnetic remanence, rare-earth permanent magnets lose
their remanence when exposed to heat. In previous generator designs, this posed no
problems because the magnetic rotor was not exposed to heat after magnet insertion.
However, since the integrated rotor must be placed between the upper and lower dies
and sealed using a heat-induced bond, the magnets are subject to heat.
Because of this, it is imperative that a bonding technology requiring only low
temperatures be developed. One possibility is the use of eutectic material such as
solder for bond formation since these materials reflow and melt at low temperatures.
At the same time, experiments must be performed to verify the effect that the bonding
process has on the magnetic remanence.
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Forming the Back Iron
One method of forming the back iron is direct electroplating into the silicon rotor.
Electroplating, a standard MEMS process, facilitates integration and minimizes im-
balance, but its difficulty is increased here because the back iron must be plated
bottom-up inside a cavity for 50 pm (see Fig. 2-2) while the other parts of the rotor
remain clean. Specifically, if plating occurs on the hub or outer sidewall of the rotor,
it would impede rotor movement in the worst case and contribute to imbalance at
best.
To successfully fabricate the back iron, an electroplating process compatible with
small silicon rotors is required. A jig, most likely employing an o-ring, is required to
restrict the plating fluid to the rotor cavity in order to protect the hub and sidewalls.
Furthermore, parts of the silicon rotor should be fabricated from low-resistivity wafers
so the jig can contact the bottom of the cavity without additional wiring that can
increase fabrication complexity.
If preliminary spin tests determine that an electroplated rotor cannot operate
supercritically due to excessive imbalance, other methods of forming the back iron
need to be found. This might involve electroplating the back iron on a separate
substrate so it can be released, weighed, and balanced prior to rotor insertion. The
drawback to this method is the increased complexity during rotor assembly.
2.4.2 Magnetic Stator
The magnetic stator in the previous design consisted of a 1-mm thick Ni80Fe15Mo 5
sheet upon which the copper surface windings were directly electroplated. This is
an acceptable method to quickly demonstrate the ability for the turbogenerator to
produce power, but it cannot be applied to the integrated version for two reasons.
Firstly, the integrated device requires a laminated stator in order to improve power
conversion efficiency, but thin laminations cannot be readily machined using conven-
tional means. Secondly, the gas bearing components required to support the magnetic
rotor must be fabricated around the laminated stator using MEMS technology, so the
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bulk of the stator must be silicon and not NiFeMo.
Deep Electroplated Laminations
Because the 900 ym thick magnetic stator core must be laminated, deep trenches need
to be etched into a bonded stack of two silicon wafers. This task alone is nontrivial,
but the main reason the magnetic laminations are challenging is that the NiFe must
be electroplated bottom-up through the entire trench, which can take up to one week.
Similar to the rotor back iron plating process, the stator core electroplating process
must not deposit material anywhere else on the stator since the unwanted material
can affect gas bearing performance.
In order to overcome the difficulty of electroplating deep laminations, a protocol
must be developed that ensures cleanliness during the week-long plating process. This
should prevent, for example, the thrust bearing nozzles, which are on the order of
10 pm in diameter, from becoming clogged. Since Arnold already demonstrated a
repeatable NiFe plating process for 500 pm laminated cores [2], the protocol for the
fully-integrated device can be based off a previously developed procedure.
Compatibility with Silicon Fabrication
The fabrication of a fully-integrated turbogenerator is a collaboration between the
Massachusetts Institute of Technology, Georgia Institute of Technology, and Clark
Atlanta University. As such, there are different cleanroom protocols and standards
that must be met. Since the silicon fabrication is performed at MIT and the final
stator core and winding electroplating are done at GIT, the device fabrication process
needs to be developed carefully, taking into account the available technologies and
limitations at each university. For example, the stator core cannot be electroplated
by GIT until the bottom die shown in Fig. 2-2 is fully etched because the DRIE ma-
chine used at MIT does not allow metal-contaminated wafers. Similarly, the surface
windings cannot be directly electroplated onto a completed bottom die because the
required SU-8 photolithography process cannot be performed inside a deep cavity.
Innovative fabrication techniques are required to achieve compatibility between
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silicon and magnetic materials. One example is a drop-in technique for the surface-
wound windings where the winding is fabricated separately and dropped into the
completed stator die. These new techniques must be verified through short-loop tests
before being incorporated into the process recipe.
Packaging Interface
In contrast to the air-driven device, the fully-integrated turbogenerator requires input
feeds for the gas bearings, turbine, and thrust balance. Each feed must be individually
controlled, which requires o-rings to be placed on the interface between the gas lines
and the silicon die. Given this, the external packaging must be determined a priori
and the interfacial holes on the silicon die must be designed to accommodate the
necessary o-rings.
Besides the gas lines, electrical connections are required to carry the generated
current out from the device into external loads, either consisting of resistors or the rec-
tifier designed by Das [13]. As mentioned in Section 2.3.4, thin electrical feedthroughs
span the gap between the surface windings, situated 1 mm above the bottom face of
the die, and the external connectors. These feedthroughs are fragile and cannot be
directly interfaced to, so thin wires must first be soldered to the feedthroughs. The
package needs to accommodate these wires.
2.5 Summary and Conclusions
This chapter considered the design of the magnetic stator and rotor in order to en-
able batch-fabrication of the fully-integrated device using a silicon MEMS fabrication
process. For the rotor, the key modifications are reducing the overall mass and im-
proving imbalance so the rotor can be spun using the ultra-short hydrostatic journal
bearings. To reduce the mass while maintaining a 10 W output, the thicknesses of
the permanent magnets and back iron are set at 500 pm and 50 ym respectively.
Furthermore, to improve rotor imbalance, annular magnets are eliminated. One pos-
sible replacement, further examined in Chapter 5, is the use of eight equally-shaped
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magnet sectors that can be located to the same radial position when inserted into the
silicon rotor.
The new magnetic stator design accommodates the bearing components nearby
the laminated stator core and surface windings. Due to the position of the labyrinth
and inner seals (see Fig. 3-1), the outer radius of the surface winding was reduced
to 4.36 mm. Within the confines of the seals, a 900 pm deep laminated stator core
with lamination and insulation widths of 75 pm and 50 pm respectively maximizes
the output power from the generator.
A summary of critical design dimensions pertaining the magnetic rotor and stator
is given in Table 2.1. The only value changed in the final device implementation
is the magnet remanence, which was determined to be lower than 1 T during the
power generation tests described in Chapter 8. Curve fitting to the experimental
data indicates that a remanence of 0.45 T provides the best match.
Finally, challenges unique to the fully-integrated device were briefly outlined, and
possible solutions were proposed. The most critical issues facing the magnetic rotor
include minimizing imbalance, finding a bonding scheme that minimizes demagnetiza-
tion, and determining the fabrication steps for the back iron and permanent magnets.
In contrast, the challenges facing the magnetic stator include developing a process
flow to electroplate the 900 pm laminated stator core and integrate the copper surface
windings. All these challenges will be examined in subsequent chapters, and each is
rigorously treated to determine feasible solutions.

CHAPTER 3
TURBOMACHINERY, GAS BEARINGS,
AND ROTORDYNAMICS
Perfect as the wing of a bird may be, it will never enable the bird to fly if unsupported
by the air. Facts are the air of science. Without them a man of science can never
rise.
-Ivan Pavlov
3.1 Introduction and Motivation
Chapter 2 proposed various modifications to the magnetic rotor and stator in order
to simplify integration between silicon and magnetic components. The increased
compatibility allows the integrated turbogenerator to incorporate silicon gas bearings
and turbomachinery, both of which are necessary for device operation up to 360 krpm,
the speed at which 10 W is generated. There are several key challenges to the gas
bearing and turbomachinery design, some of them unique to the fully-integrated
turbogenerator. Based on previous theoretical and experimental results from Liu and
Teo [27,46], rotors supported on ultra-short hydrostatic journal bearings exhibit large
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radial excursions both during transcritical operation and past the bearing stability
limit. The transcritical frequency scales with the bearing stiffness and the rotor
mass, and the bearing stability limit is related to the transcritical frequency through
the whirl ratio R. To successfully invert the rotor from subcritical to supercritical
frequencies, the journal bearing must have a sufficiently high damping ratio and the
rotor imbalance must be small. Imbalance is especially important to the magnetic
rotor because permanent magnets inserted into the rotor may exhibit geometric and
weight variations, both of which increases imbalance. After inversion, a high whirl
ratio journal bearing design is required to stably support the rotor at 360 krpm.
The design of the gas bearings is made more difficult due to magnetic interactions
between the rotor and stator that may affect bearing stability. In the axial direction,
magnetic pull-in and tilt instability must be considered together with the thrust
bearing design. On the other hand, the journal bearing design should consider the
effect of radial magnetic stiffness introduced by the magnetic restoring force between
the rotor and stator. At best, the magnetic interaction alters the expected behavior
of the bearings, and at worst, they cause the rotor to become unstable and crash into
the stationary silicon structures.
It is useful to note that the eventual implementation of the turbogenerator device
requires a "hands-off" operating protocol where the device can be accelerated to
design speed using one gas input alone. This is in contrast to the current protocol
that adjusts the journal bearing and turbine inlet flows in an alternating fashion
to reach design speeds. Hands-off operation requires the journal bearing flows to
be coupled to the turbine flow using pressure dividers. Nonetheless, because the
pressure dividers have not been designed as of this writing, the hands-off protocol is
not implemented in the integrated turbogenerator device.
3.1.1 Objectives and Scope of Chapter
Most of this chapter focuses on the design of a set of gas thrust and journal bearings for
the fully-integrated turbogenerator using theories developed and verified by Liu and
Teo [27,46]. Turbomachinery and supporting features for the integrated bearings,
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including air flow channels and seals, are also discussed. Specifically, the chapter
covers the following items.
1. Designing the gas thrust and journal bearings necessary to support an inte-
grated magnetic rotor. The key difference between this design and the one
used previously is that the rotor contains non-silicon components. This issue is
examined in Section 3.2 and Section 3.3.
2. Determining the optimal turbomachinery sizing based on the overall power re-
quirement, including bearing and mechanical-to-electrical conversion losses. See
Section 3.4 for details.
3. Sizing the air flow passages appropriately to achieve low Mach numbers. These
calculations appear in Section 3.5.
4. Engineering the inner and outer seals on the magnetic stator to decouple the
various flows in the device and keeping the rotor stable while being operated at
high speeds. This topic forms the basis of Section 3.6.
5. Calculating the effect of magnetic pull-in and radial damping and determining
how they affect the performance of the bearings. See Section 3.7 for details.
6. Examining the natural frequency of a shaft supported on ball bearings. Sec-
tion 3.8 provides insights on this topic, which is useful during mechanical testing
of blade-less rotors.
3.1.2 Chapter Organization
Gas thrust and journal bearing design encompasses the first portion of the chapter.
The three main criteria for evaluating the bearing design are the associated stiffness,
natural frequency, and geometric compatibility with the fully-integrated turbogener-
ator device. For the journal bearing, whirl ratio will also be evaluated. The bearing
design is followed by turbomachinery scaling, based on power requirements, as well as
air flow channel dimensioning and seal design. After this discussion, the effects that
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Parameter Name Symbol Nominal Value
Inner seal clearance tis 60 /im
Inner seal width wis 250 /Lm
Journal bearing length tjb 900 /im
Journal bearing width Wjb 30 j/m
Labyrinth seal clearance tis 20 jim
Labyrinth seal gap width wIs,g 100 pm
Labyrinth seal tooth width wl.,t 50 im
Temperature T 25 oC
Thrust bearing orifice diameter Wor 10 pm
Thrust bearing orifice length ttb,l 100 ipm
Thrust bearing orifice number N 40
Thrust bearing orifice radial location Ror 1.65 mm
Thrust bearing pad radius Rtb 1.9 mm
Thrust bearing single-sided gap ttb,g 3 /im
Turbine blade height tbl 350 jm
Table 3.1: Nominal values for gas bearing design. Unless otherwise noted, these
parameter values apply to all simulations performed in this chapter.
the magnetic components have on the gas bearings, including the role of negative
stiffness, are determined. Finally, as an important aside, the natural frequency of a
shaft supported on ball bearings is examined.
3.1.3 Nominal Simulation Parameters
Similar to Chapter 2, it is useful to establish a baseline for the simulations performed
in this chapter. Table 3.1 shows nominal values of various gas bearing parameters
that apply to all simulations in Chapter 3 unless otherwise noted. Many of these
parameter values are chosen based on discussions with Teo [45].
3.2 Designing the Gas Thrust Bearings
Hydrostatic gas thrust bearings provide axial support and stiffness for the magnetic
rotor inside the microturbogenerator device. The stabilizing axial stiffness is espe-
cially important because the permanent magnets in the rotor are attracted to the
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Figure 3-1: Schematic layout of the turbogenerator aft side. The drawing is accurately
scaled in the radial direction, and only the regions beneath the rotor, colored in white,
are shown.
laminated magnetic stator, and the attractive force increases linearly with decreas-
ing air gap between the rotor and the stator. This magnetic force relationship re-
sults in negative stiffness that causes the air gap to collapse without the presence of
thrust bearings. The details of this magnetic pull-in effect is discussed further in Sec-
tion 3.7.2, but for now, note that the thrust bearings must create a positive stiffness
greater than the magnetic negative stiffness to maintain rotor stability.
There are two other requirements besides stiffness that the thrust bearings must
meet. First, the natural frequency of the bearings should be higher than the desired
operating speed for the turbogenerator rotor in order to prevent axial resonance from
causing the rotor to crash [46]. Second, the outer radius of the thrust bearing must
be small enough to fit into the aft side in the presence of the laminated stator core
and surface windings.
The thrust bearing natural frequency scales with both bearing geometry and pres-
sure settings, so the second requirement is discussed first. Referring to Fig. 3-1, items
that must fit beneath the rotor span include the labyrinth and inner seals, discussed
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Figure 3-2: Thrust bearing natural frequency as a function of thrust bearing gap
for bearings pressurized to 60 psig. The orifice, positioned radially at 1.65 mm, are
assumed to have a diameter and length of 10 pm and 100 pm respectively. Further-
more, the thrust bearing pad is assumed to have a radius of 1.9 mm. Note that the
indicated gap is single-sided; the total axial clearance between the rotor and stator is
twice the indicated gap. (Courtesy of Chiang Juay Teo [45])
further in Section 3.6, stator laminations and surface windings, aft exhaust, and the
thrust bearing. The seal widths are governed by leakage requirements, and based on
simulations performed by Teo [46], the inner seal should be at least 250 pm while
each set of labyrinth seal (one "tooth" and one gap) should be 150 Pm. Next, the
lamination and winding span is governed by the amount of output power required
and should nominally cover at least the entire permanent magnet region, which is ap-
proximately 2.5 mm long. Finally, the balance plenum inlet and aft exhaust widths
are determined by flow rates and should be wider than 300 Mm and 500 pm respec-
tively. Given these constraints, the thrust bearing pad cannot have a radius larger
than 2 mm. After further optimizations, the edge of the thrust bearing pad is set at
1.9 mm and the radial positions of the orifices are set at 1.65 mm.
Fig. 3-2 plots the thrust bearing natural frequency as a function of single-sided
thrust bearing gap for bearing geometries specified in the previous paragraph. The
- - - ~ I-~~~--~~-
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thrust bearing pressure is 60 psig for this plot. Three sets of data are plotted, cor-
responding to thrust bearings with 20, 30, and 40 orifices; the orifice diameters are
nominally 10 pm and the lengths are nominally 100 jm. Note that the plot assumes
uniformly distributed orifices with no clogging. Notice that for all three configura-
tions, a bearing gap between 1.5-3.5 pm sets the natural frequency above 500 krpm,
higher than the 360 krpm required for generating 10 W. Furthermore, the frequency
curves are only weakly dependent on the number of orifices. Based on these curves,
the nominal thrust bearing gap is set at 3 rpm and the number of orifices is set at 40.
3.3 Designing the Gas Journal Bearings
In addition to thrust bearings, journal bearings are necessary to provide support and
stiffness in the radial direction to ensure that the rotor returns to a radially centered
position after undesired excursions. Although magnetic interactions also act radially
and should be considered during the bearing design, Section 3.7.1 will show that the
radial magnetic interactions are self-restoring and associated with a positive stiffness.
Therefore, unlike the axial interactions, they do not cause instability concerns and
can be ignored for now.
The journal bearing design must meet several requirements, the primary one being
the ability to support a massive magnetic rotor at high speeds without going unstable.
In particular, the whirl ratio of the journal bearing, defined as the ratio of the max-
imum stable operating speed to the bearing natural frequency at a specific pressure
difference Ap across the bearing, should be sufficiently high. Furthermore, because
the microengine journal bearings typically have natural frequencies much lower than
the rotor design speed, the hydrostatic bearings must prevent large radial excursions
as the rotor is accelerated from subcritical to supercritical speeds, which can result
in a crash. The radial excursion is related to the rotor imbalance and the journal
bearing damping ratio, a parameter that scales according to
(L) 2 (C)-1 (P) -1/2 1/2 (3.1)
D R PO Pr
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where L is the journal bearing length, C is the journal bearing clearance, D is the
rotor diameter, R is the rotor radius, Ap is the pressure difference across the bearing.
Po is the atmospheric pressure, Po is the density of the bearing gas, and Pr is the
density of the rotor material [42]. The key difference between the previous [46] and
current bearing design is Pr, since the magnetic rotor is higher in density compared
to a silicon rotor. Silicon has a density of 2300 kg/m 3 while the magnetic rotor
has a composite density of 3057 kg/m 3 , which means that the damping ratio of the
turbogenerator journal bearing is 13% less. This makes the magnetic rotor more
difficult to invert. Finally, the journal bearing length must be compatible with the
magnetic design; the minimum thickness of the rotor is set by the thicknesses of the
permanent magnets, nominally 500 pm, and the back iron.
In order to keep the journal bearing non-dimensionally similar to the micro bearing
rig design [46], which has been extensively characterized and shown to support silicon
rotors up to 1.7 mrpm, L/D is chosen to be 0.075. Given a rotor diameter of 12 mm,
this corresponds to L = 900 1 m. Although challenging, this bearing length can be
fabricated using DRIE as long as a rotor swap-in protocol is employed, described
more fully in Section 6.2.
All that remains to fully specify the journal bearing design is the width of the
bearing. The chosen width must simultaneously meet the following requirements.
1. Establish a sufficiently high damping ratio at the Ap used to cross the natural
frequency in order to prevent wall contact and crashing.
2. Establish sufficient whirl ratio across the entire speed range so the rotor does
not go unstable when the turbine air is increased while the Ap is held constant
during acceleration.
3. Achieve a stability boundary much higher than the design speed at the "ulti-
mate" Ap, in conjunction to the second requirement.
In order to understand the second and third requirements, the protocol used to ac-
celerate a rotor at rest to the ultimate design speed will be briefly discussed. First,
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the forward and aft thrust bearing flows are adjusted so the rotor is roughly centered
in the axial direction. Journal bearing flows are then applied to establish an initial
Ap, typically much lower than the Ap at design speed, that gives a large damping
ratio and facilitates the transcritical operation [46]. During rotor inversion, the tur-
bine air is abruptly increased to quickly accelerate the rotor beyond the transcritical
frequency before large radial excursions occur. If the whirl stability boundary at low
Ap is too close to the bearing natural frequency, the abrupt acceleration can cause
the rotor to become unstable. After the rotor reaches a supercritical speed, there
are three goals - preventing the rotor from dropping out of supercritical operation
due to changes in Ap, accelerating the rotor by increasing the turbine air, and not
crossing the whirl stability boundary. Fig. 3-3 shows a typical acceleration protocol
after rotor inversion, which alternates between increasing journal bearing flow and
increasing turbine flow. One cannot accelerate the rotor by only increasing turbine
air because the rotor would eventually reach the whirl stability limit and crash. At
the same time, one cannot increase the bearing flow too much without also increasing
the turbine flow or the rotor would drop back into the subcritical regime.
Fig. 3-4 shows a design chart for the journal bearing stiffness as a function of
the journal bearing width. As Section 3.7.1 will show, the magnetic stiffness in the
radial direction is on the order of 6000 N/m, so it is preferable to have the journal
bearing stiffness be a few thousand N/m at design speed. Two curves are shown in
Fig. 3-4, one corresponding to an axial feed bearing and the other corresponding to
a center feed bearing. As depicted in Fig. 3-5, the two configurations differ in the
location of the bearing air supply, with the axial feed bearing being supplied from
the end and the center feed bearing from the center. Based on this chart, a center
feed configuration provides greater stiffness for journal bearing widths up to 30 pum,
but note that even an axial feed bearing with width larger than 20 /pm will provide
sufficient amounts of radial stiffness.
Now consider the effect of the journal bearing width on the damping ratio. Fig. 3-
6 shows how the upper bound of the damping ratio, useful for evaluating the ease of
crossing the journal bearing natural frequency, changes as a function of the bearing
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Figure 3-3: A sample operating protocol for rotor acceleration. From the graph,
high speed is achieved by alternatively keeping the journal bearing flow fixed while
increasing the turbine flow and then keeping the turbine flow fixed while increasing
the journal bearing flow. (Courtesy of Chiang Juay Teo [46])
width. Observe that the damping ratio decreases significantly as the bearing width
increases, so a large bearing width will result in the inability for the rotor to in-
vert. The green horizontal line plotted in Fig. 3-6 corresponds to the damping ratio
achieved by the previous bearing rig design with Ap = 1 psi. Because the previous
design resulted in successful rotor inversion, it is desirable to keep the turbogenerator
damping ratio above that line. As a result, if the center feed configuration is cho-
sen, the journal bearing width must be kept below 25 ,m. On the other hand, the
axial feed configuration gives much higher damping ratios, so bearing widths up to
30-33 Mm are feasible.
So far, the axial and center feed configurations are about equal, so it is instructive
to examine another criteria: the whirl ratio. As mentioned earlier, a design that gives
the the highest possible whirl ratio before going unstable is desirable for high-speed
operation. From Fig. 3-7, the whirl ratio is higher for smaller journal bearing widths,
and in general, the axial feed results in better performances. As the journal bearing
width increases to 30 ,m, the axial feed and center feed begin to exhibit very similar
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Figure 3-4: Microturbogenerator journal bearing stiffness design chart. The curves
are generated assuming that Ap = 5 psi, and results for both an axial feed and center
feed bearing are shown. (Courtesy of Chiang Juay Teo [45])
behaviors.
Summarizing the results for the bearing stiffness, damping ratio, and whirl ratio,
one notes that both the axial and center feed are suited to support the microturbo-
generator rotor as long as an appropriate journal bearing width is chosen. However,
the center feed is more difficult to fabrication using silicon wafers, so axial feed journal
bearings are chosen for the turbogenerator. The journal bearing length and width
are chosen so the bearing is non-dimensionally equivalent to the bearing rig design
by Teo while providing sufficient damping ratio and stiffness. In particular, a 900 Plm
long and 30 mm wide journal bearing with Ap = 5 psi has a stability boundary of
1.3 mrpm, sufficient for the generator to deliver 10 W output power.
3.4 Turbine and Turbine Blade Scaling
The bearings are very important for providing support and stiffness to the rotor, but
the rotor cannot spin without turbine blades. Broadly speaking, the main requirement
of the turbine is to extract sufficient power from the incoming compressed air and
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Figure 3-5: Schematic rendering of axial and center feed journal bearings.
deliver that power in the form of mechanical energy to the magnetic generator while
overcoming bearing and other viscous losses. Normally, the shape of the turbine
blades are optimized for power extraction from the flowing air in order to improve
the overall energy conversion efficiency, but in this case, the turbogenerator blades are
based on the design used in the micro bearing rig [46], which offers greater stability
at the expensive of efficiency. The blades are scaled from the bearing rig design based
on the ratio of the rotor radii, which is approximately 2.86. Fig. 3-8 shows the rotor
and stator blades. One can see that the trailing edges of the blades are essentially
"cut-off."
In addition to blade scaling, the blade height also needs to be increased because the
turbogenerator requires more input power to operate. However, increasing the blade
height increases the root stress of the silicon blades, making them prone to breakage.
Therefore, it is undesirable to over-design the turbine, which in turn requires one to
analytically understand the power requirements of the device.
To understand the power requirement, consider the components that consume
power in the turbogenerator system individually. Both the thrust and journal bear-
ings operate with a fluid flowing between two boundaries rotating past each other,
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Figure 3-6: Microturbogenerator journal bearing damping ratio design chart. The
curves show the damping ratio for different bearing widths, and results for both an
axial feed and center feed bearing are shown. Also, the green line corresponds to the
damping ratio achieved by the previous bearing rig design with Ap = 1 psi. (Courtesy
of Chiang Juay Teo [45])
and this gives rise to viscous losses. This loss is especially large for the journal bearing
because the periphery of the rotor, which forms one of the bearing boundaries, rotates
at a speed of approximately 225 m/s (360 krpm). This high velocity, coupled with a
relatively small journal bearing gap of 30 pm, leads to high viscous dissipation losses.
The magnitude of this power dissipation depends strongly on whether the circumfer-
ential flow within the journal bearing is assumed to be fully- or non fully-developed,
with the non fully-developed flow resulting in larger dissipations [46]. Referring to
Fig. 3-9, the journal bearing power loss at design speed is on the order of 4-7 W.
Similar curves can be generated for the thrust bearing viscous losses, but because the
rotational speed near the center of the rotor is much less than the tip speed, the thrust
bearing power losses are small compared to the journal bearing losses. Hence, the
thrust bearing dissipations can be ignored for first-order analysis. The turbogenera-
tor bearing design includes a set of labyrinth and inner seals to enhance stability and
decouple flows within the system, and because the rotor spins on top of these seals,
there are additional viscous losses associated with these components. However, the
__
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Figure 3-7: Microturbogenerator journal bearing whirl ratio design chart. The curves
are generated assuming that Ap is set to the design speed value, and results for both
an axial feed and center feed bearing are shown. (Courtesy of Chiang Juay Teo [45])
area of the seals are insignificant compared to the journal bearing region, so the seal
losses are also ignored to first-order. The other source of power loss comes from the
magnetic components, which extracts power from the rotor in order to generate the
electrical output. The magnetic machine is designed to nominally deliver 10 W DC
power while spinning with a tip speed close to 225 m/s, and based on simulations [13],
the mechanical-to-electrical conversion is about 52% efficient. Therefore, the turbine
needs to deliver 19.5 W to the rotor in the worst case scenario. Adding the losses
from the bearings and electrical conversion process, the turbine must supply 25 W of
power to break-even. The final power requirement of the turbine is set at 30 W to
account for viscous losses that were ignored and to provide a safety margin.
The power requirement of 30 W affects the choice of turbine blade height, but
there are two additional considerations. First, as mentioned earlier in this section,
tall turbine blades tend to deform during high-speed operations and exhibit larger root
stresses. Consequently, they are more likely to fracture. Furthermore, it is important
that the axial force is not dominated by the magnetic pull-in effect, discussed more
fully in Section 3.7.2. This is desirable in order to decouple the bearing and turbine
3.4. Turbine and Turbine Blade Scaling
Figure 3-8: Rendered image for the forward side turbomachinery. Both the stator
blades (NGV) and rotor blades are shown, and the journal bearing separates these
two sets of blades. Note that the turbine air enters vertically downward through the
turbine inlet plenum, turns horizontal to pass through the NGV and rotor blades,
and finally exits upward through the forward exhaust.
design from the magnetic design. As the turbine blade height is increased, the turbine
pressure required to generate 30 W decreases, which diminishes the downward force
exerted by the turbine. This, in turn, allows the magnetic pull-in force to dominate.
Considering everything thus far, the blade height is set at 350 ym. Blade heights
much smaller than this require large flows for the turbine to generate the required
30 W, and this can cause the mass flow controller attached to the turbine inlet
to saturate during high-speed operations. In addition, silicon wafers thinner than
300 pm are difficult to handle during the fabrication process and can break during
"violent" steps such as a piranha clean, when bubbles forming in the chemical bath
push against the wafer with significant force. On the other hand, blades taller than
350 ym tend to fracture during high-speed operation and do not allow the decoupling
between turbomachinery and magnetic designs. Fig. 3-10 shows the amount of power
converted by the turbine for various turbine inlet pressures given 350 Pm tall blades.
From this chart, it is apparent that one needs approximately 300 kPag turbine inlet
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Figure 3-9: Viscous dissipation loss in journal bearing for fully- and non fully-
developed circumferential flow assumptions. The upper bound curve shown in the
figure corresponds to a non fully-developed flow assumption. (Courtesy of Chiang
Juay Teo [45])
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Figure 3-10: Output power from turbine as a function of different turbine inlet pres-
sures. This chart is generated assuming a blade height of 350 pm. (Courtesy of
Chiang Juay Teo [45])
3.5. Dimensioning the Air Flow Channels
pressure to satisfy the power requirement of the turbogenerator.
3.5 Dimensioning the Air Flow Channels
At this point, the bearings and turbine have been completely specified, but because
these components require air to be fed in from external sources, one must specify
the dimensions of the air flow channels in order to complete the design. The main
objective in dimensioning the channels is to minimize the pressure losses as the air
travels inside the die. In other words, the coefficient of flow resistance should be kept
small. Furthermore, it is desirable to keep the Mach number M of the flow, defined
as the ratio of the stream velocity v to the speed of sound c, below 0.3 so the flow
remains incompressible and is easily modeled. In equation form,
v Qa
M - - (3.2)
c AV-T
where Qa is the absolute volumetric flow rate, A is the cross-sectional area, -y is the
ratio of specific heats for the gas being used, R is the specific gas constant, and T is
the temperature in Kelvins. It is sometimes more convenient to calculate the Mach
number using mass flow rates rh, in which case rh/p = rhRT/P can be substituted for
Qa; p denotes density and P denotes pressure. Note that the speed of sound used in
the Mach number calculation is dependent on the local gas temperature, but because
the channels are made from silicon, which conducts heat well, the gas is assumed to
be at room temperature. For air at room temperature, c = 347.2 m/s.
As a starting point, the channel dimensions for the bearing rig [46] are scaled
by 2.86 - the ratio of the rotor radii between the bearing rig and the turbogenera-
tor. Based on this scaling, the Mach numbers for pipings in the turbogenerator are
calculated, and the results are shown in Table 3.2. For each piping, the area used
in the calculation is the smallest cross-section that the air flows through. Based on
these numbers, the highest stream velocities occur in the exhaust and journal bearing
pipings. Nonetheless, the chosen scaling keeps all the Mach numbers below 0.3.
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Location Name rh (kg/s) A (mm2 ) P (atm) p (kg/m 3 ) M
Aft Exhaust 2.70 x 10-4 5.22 1.00 1.18 0.129
Forward Exhaust 5.31 x 10-4 6.21 1.00 1.18 0.209
Journal Bearing 1.35 x 10-4 0.51 3.38 3.93 0.190
Thrust Balance 4.37 x 10- 5  1.32 1.75 2.03 0.047
Thrust Bearing 1.81 x 10-6 0.20 3.04 3.58 0.007
Turbine Inlet 6.20 x 10- 4  5.01 3.95 4.65 0.077
Table 3.2: Mach numbers for pipings in the integrated device. The highest Mach
number is lower than 0.3, indicating that the proposed scaling is sufficient.
3.6 Seals and Clearance Considerations
There are two types of seals used in conjunction with the gas bearings and turboma-
chinery. The first type, called the labyrinth or outer seals, consists of three sets of
teeth and grooves that minimize the interaction between the journal bearing plena
and balance plenum, provide an increasing upward pressure as the rotor accelerates
in order to counteract the downward force from the turbomachinery, and decouple
the radial and tilting modes of the rotor in order to preserve rotor stability at high
speeds [46]. This seal is shown near the outer radius of the rotor in Fig. 3-1. The
designed clearance for this seal, which is the distance from the top of the seal to the
aft rotor surface, must be large enough to keep the rotor dynamically stable across all
operating speeds but small enough to minimize crosstalk flows. Based on calculations
by Teo [45], the labyrinth seal clearance should be approximately 20 Pm.
The second type of seal used in the fully-integrated device is the inner seal, also
shown in Fig. 3-1, which serves to keep the balance plenum pressurized. As discussed
by Teo, a small inner seal clearance minimizes the mass flow rate required to maintain
the balance plenum pressure but increases the axial force sensitivity, meaning that
a small adjustment in flow rate will result inl a large change in the upward force
provided to the rotor by the balance plenum [46]. This is undesirable because the
task of positioning the rotor axially at a particular set point becomes challenging.
Hence, it is preferable to choose a relatively large clearance for the inner seal, and
the final design value is set at 60 pm [45].
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Figure 3-11: Schematic drawing of a radially-shifted rotor. The magnitude of the
pull-in force is assumed to be unchanged from the centered position, but the vector
angle changes.
3.7 Effect of Magnetics on Bearings
For the bearing rig device studied extensively by Teo [46], the important interactions
occur between the rotor turbomachinery and the gas bearings supporting the rotor.
In addition to these interactions, the design of the integrated turbogenerator must
consider the effects of magnetic components. Specifically, because the rotor and
stator are both magnetic, they interact when placed close to each other, and these
interactions result in additional forces and stiffnesses that must be compared with
those produced by the gas bearings. It is desirable to keep the magnetic forces and
stiffnesses orders of magnitude smaller than the gas bearing counterparts to not only
keep the device testing and operation simple but also to preserve rotor stability, since
the axial magnetic interactions are destabilizing.
3.7.1 Modeling and Simulation of Radial Magnetic Stiffness
Radial stiffness provided by the journal bearing prevents the rotor from crashing
after slight radial perturbations, as discussed in Section 3.3. Because the rotor and
stator are magnetic, there is an additional radial stiffness component associated with
the restoring force that arises when the permanent magnet and stator core misalign.
This eases the challenge associated with the transcritical operation. To quantify
92 3. Turbomachinery, Gas Bearings, and Rotordynamics
0
LLo
u.
Uo
Vcc
-5
-0.05
-0.1
-0.15
-0.2
-0.25
-0.3
Speed (rpm) 6 Radial Displacement (m)
Figure 3-12: Radial restoring force as a function of rotational speed and displacement.
For this simulation, the permanent magnet is assumed to be NdFeB with Br = 1 T and
both the rotor back iron and stator core are assumed to be NiFe. Other parameters
of relevance are found in Table 2.1.
the magnetic radial stiffness, consider a rotor-stator pair displaced 6r away from
each other, as shown in Fig. 3-11. For simplicity, assume that the pull-in force,
described more fully in Section 3.7.2, is due to imaginary "magnetic charges" on
the rotor and stator and that the charges remain frozen in place when the radial
displacement occurs. Consequently, the pull-in force preserves its magnitude after
displacement, but the vector angle is changed to 0, as shown in Fig. 3-11. Based on
this approximation, the radial restoring force is
Fpi,r = Fpi sin arctan t( l . (3.3)
Eq. (3.3) is plotted in Fig. 3-12 as a function of radial displacement using parameters
found in Table 2.1, and a linear relationship is observed between displacement and
force. Based on the slope of the plot, the radial magnetic stiffness is 6000 N/m. Note
that the radial restoring force is independent of the rotational speed.
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Figure 3-13: Rotor pull-in force as a function of rotational speed and air gap. For
this simulation, the permanent magnet is assumed to be NdFeB with Br = 1 T and
both the rotor back iron and stator core are assumed to be NiFe. Other parameters
of relevance are found in Table 2.1.
3.7.2 Magnetic Pull-In Considerations
Because the permanent magnets are situated near the magnetic stator, the rotor and
stator attract, and the attractive force increases as the gap between them decreases.
The pull-in force can be calculated using the (T~,) Maxwell stress tensor integrated
over the radial span of the rotor, but the precise details of this calculation is omitted
here. For a complete derivation, the reader is referred to Das [13]. Fig. 3-13 shows
the pull-in force experienced by the rotor as a function of rotational speed and air
gap using the magnetic parameters described in Table 2.1; as expected, the force is
negative (attractive) and depends linearly on the air gap. Note that the pull-in force
is independent of rotational speed. Calculating the slope for this plot, the negative
magnetic axial stiffness is 4000 N/m. Teo calculates the positive axial stiffness associ-
ated with the thrust bearings set at 60 psi as one order of magnitude larger than the
axial magnetic stiffness [45], so the destabilizing pull-in effect is disregarded during
the bearing design.
-
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Figure 3-14: Schematic drawing of a tilted magnetic rotor. Note that the gap between
the rotor and stator, denoted as g (r, 0, ý), depends on the Cartesian coordinate x
instead of r since points on a concentric ring about the center of the rotor take on
different gaps.
3.7.3 Effect of Rotor Tilt
During the turbogenerator operation, transients in the gas inputs may temporarily
upset the force balance on the rotor and cause the magnetic rotor to tilt. This tilting
is potentially catastrophic because the magnetic pull-in force is larger on the rotor
surface closer to the stator, which causes the rotor to tilt further. Positive feedback,
an indication of destabilizing (negative) tilting stiffness, continues until the tilt is
so large that the rotor makes contact with either the forward or aft thrust bearing,
resulting in rotor destruction if the rotational speed is sufficiently high. To prevent
this, the stabilizing (positive) tilting stiffness of the thrust bearings must overcome
the negative magnetic stiffness at all operating conditions.
To verify the robustness of the gas thrust bearings, the magnetic tilting stiffness
is first calculated. A schematic drawing of a tilted magnetic rotor is shown in Fig. 3-
14, and the gap between the center of the rotor and the top surface of the stator is
denoted as g (r, 8, p). Note that 8 is a rotation in a plane parallel to the stator and o
is the tilting angle. The nominal distance between the rotor and the stator is tag + tel
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where tag is the distance between the rotor and the surface windings and tcl is the
thickness of the windings. Using trigonometric equalities,
g (r, 0, ~) = tag + tel + r cos 0 sin ý . (3.4)
By using the magneto-quasi-static domain of Maxwell's equations,
B (r, 0, o) = T (r,O) 0o (3.5)
tag + tcl + r cos 0 sin o
where %I (r, 0) is the magnetic scalar potential on the rotor and Po is the permeability
of free space. For a given dA = rdrdO in Cylindrical coordinates, the differential
torque dr is
dT (r, 0, ý) = x dFpi , (3.6)
with dFpi denoting the differential axial pull-in force between the rotor and the stator.
The differential pull-in force can be rewritten in terms of B (r, 0, ýo) and dA, and when
the result is substituted into Eq. (3.6), the equation becomes
d (r, 0, ý) = x B (r,, rdrd . (3.7)
2 Po
Substituting
7= ixr cos 0 + iyr sin 0 (3.8)
into Eq. (3.7) and simplifying,
11 B (r, 0, ý))2
d B(r, 0, ) = () 2 r2 cos OdrdO - B 2 sin OdrdO . (3.9)2 Io 2 Yo
Note that the B-field is now a scalar and not a vector. Finally, the magnetic tilting
torque can be calculated as
.27r *Rom
d-Tr ( , 0, ýo) (3.10)J0 JRim
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Figure 3-15: Rotor tilting torque as a function of rotational speed and tilting angle.
For this simulation, the permanent magnet is assumed to be NdFeB with Br = 1 T and
both the rotor back iron and stator core are assumed to be NiFe. Also, tag = 100 Am
and tl- = 200 pm. Other parameters of relevance are found in Table 2.1.
where Rim and Rom are the inner and outer radius of the magnetic material respec-
tively. It is instructive to note that ry - 0 due to symmetry along the x-axis coupled
with the fact that the time-averaged B-field is not dependent on 0.
Eq. (3.10) can be quantitatively evaluated using the set of MATLAB code de-
veloped by Das [13]. The resulting magnetic tilting torque, plotted as a function of
rotor speed and tilting angle based on parameters described in Table 2.1, is shown
in Fig. 3-15. As expected, the slope of the tilting torque as a function of tilting
angle is negative, indicating a destabilizing stiffness. Note that the tilting torque is
independent of rotational speed. Looking at the plot for small tilting angles, the tilt-
ing stiffness is approximately 0.086 N-in/rad. Based on a calculation performed by
Teo [45], the gas thrust bearings, along with the inner and outer seals, are capable of
providing a stabilizing stiffness one order of magnitude larger than the destabilizing
stiffness. Therefore, the magnetic components do not have a detrimental effect when
the rotor tilts and can be justifiably ignored during the design of the bearings.
3.8. Air Spindle Dynamics
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Figure 3-16: Air spindle setup for testing blade-less rotors. The shaft is supported
by two sets of ball bearings. (Courtesy of David Arnold, GIT [2])
3.8 Air Spindle Dynamics
Because the turbogenerator rotors is supported by gas bearings, this chapter focused
only on the design and analysis of gas bearings. Nonetheless, it is useful to under-
stand the characteristics of an air-driven spindle supported by ball bearings because
some mechanical and electrical characterizations are made by attaching blade-less sil-
icon magnetic rotors to the spindle used in previous research [2, 13]. This allows the
structural integrity and magnetic performance to be examined independent of the gas
bearing dynamics. During these experiments, it is important not to excite the natu-
ral frequency of the shaft so the rotor does not experience large deflections that can
potentially destroy the nearby stator surface windings. Since the natural frequency
is related to the shaft length, Lsh, the maximum shaft length must be determined
based on the rotor mass used. To accomplish this, the Stodola-Green model for ro-
tordynamics, which accounts for the effects of rotary inertia and gyroscopic coupling,
is employed. The derivations and details associated with the Stodola-Green model
are omitted here; consult Childs [10] for details.
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3.8.1 Dynamics for Pie-Annulus with Spokes
A schematic diagram of a pie-annulus rotor with silicon spokes (see Section 4.2.2) is
shown in Fig. 3-17. As Chapter 4 will show, other configurations are possible, but
this one is chosen for representative purposes. The polar moment of inertia J. is
computed by dividing the rotor into three layers: permanent magnet enclosure (I),
back iron enclosure (II), and silicon backing (III). In all regions, the moment of inertia
contribution from a differential mass element dM is
dJ, = dM12 (3.11)
where 1± represents the perpendicular distance from dM to the axis of rotation.
Furthermore,
dM = prdrdOdz (3.12)
in cylindrical coordinate system. Because 1± = r based on the coordinate definition,
the moment of inertia for an arbitrary region n can be rewritten as
Zn2 On2 rn2
Jzfn = I Pr 3drd6dz , (3.13)
Znl Oni rnl
with the limits of integration determined by the shape of the region. Carrying out
the integration,
,Z = n (zn2 - Z•1) (n2 - Onl) (r 2 - .r (3.14)4 nn
Region I comprises of a silicon hub, NdFeB permanent magnets, silicon spokes, and
an outer silicon frame. Similarly, Region II comprises of a silicon hub, an annular
back iron, and an outer silicon frame. Region III is completely silicon. Table 3.3
summarizes the parameters of integration applicable for each region. For Regions
IB1 and IB2, a running variable k is used to account for all eight permanent magnets
and silicon spokes. Substituting the parameters for each region into Eq. (3.14) and
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Figure 3-17: Schematic representation of the pie-annulus rotor with silicon spokes
used to compute J,, the polar moment of inertia.
summing the result,
Jz = ZJ,,n = 6.61 x 10- 9 kgm2 (3.15)
Next, the diametral moment of inertia, J = Jxx = Jyy, is determined. Consider a
differential mass dM shown in Fig. 3-18, a simplified rotor made from one material
only. The perpendicular distance to the axis of rotation is now
li = /z 2 + rcos20 (3.16)
while the definition of dM remains the same as Eq. (3.12). Therefore,
Zn2 0n2 rn2
Znl= f r ( 2 + r 2 COS2 ) drddzl
Zn1 On, rnl
(3.17)
z
-350 pm
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Zn, (Im) zn2 (/m) ,n1 (0) 6n2 (0) rT, (mm) rn2 (mm) Pn
IA 50 550 0 360 0.0 2.5 Psi
I'1 50 550 45k 5 + 45k 2.5 5.0 Psi
IB2 50 550 5+45k 45(k+1) 2.5 5.0 Ppm
Ic 50 550 0 360 5.0 6.0 Psi
IIA 0 50 0 360 0.0 2.5 Psi
IIB 0 50 0 360 2.5 5.0 Prc
IIc 0 50 0 360 5.0 6.0 Psi
III -350 0 0 360 0.0 6.0 Psi
Table 3.3: Parameters of integration for use with the pie-annulus rotor with silicon
spokes when calculating J,. Note that k E {0, 1,..., 7}.
again with the limits of integration determined by the shape of the region.
Eq. (3.17) gives
Integrating
n = (r22 - ) (n2 - n1) Z32 --_ Z31)6 n -
+ Pn ( 4n2 - - ) [+6n2n2 sin 2,Onj4 (zn2 -1 l) . (3.18)Sapplying Eq. (3.18) to the siplified rotor in Fig. 3-18 gives
As a check, applying Eq. (3.18) to tie simplified rotor in Fig. 3-18 gives
J = prR4L + P 7r R2L34 12 (3.19)
which agrees with the moment of inertia formula in Hecht [19]. The parameters of
integration used for calculating the diametral moment of inertia is identical to those
listed in Table 3.3 except that all values for znl and zn2 are decreased by 100 /m to
center the origin on the axis of rotation. Using the modified parameters and noting
that the eight permanent magnets and silicon spokes now contribute differently to
the diametral moment of inertia,
J = Jn= 3.32 x 10-9 kgm 2 . (3.20)
To determine the dynamics of a pie-annulus rotor with spokes on the ball bearing air
spindle setup, two additional Stodola-Green model parameters are needed [10]. The
100
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Figure 3-18: A representative rotor showing how the diametral moment of inertia for
a differential mass dM is calculated.
rotary-inertia effect is captured by
3Jd =
mL2sh
(3.21)
where Lah is the length of the shaft
inertia, the associated eigenvalue is
A2  3 Esh1 sh
mLsh
used. For a disk with zero diametral moment of
(3.22)Ish = ,4,
where Esh and Ish are the Young's modulus and area moment of inertia for a shaft
with radius RPh respectively. Based on these parameter definitions, Childs [10] derives
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Figure 3-19: Fundamental critical speed of spindle shaft as a function of shaft length.
To ensure that the largest blade-less rotors do not experience resonance during struc-
tural testing, Lsh should be less than 7.2 mm.
the constant-running speed system characteristic equation as
p4 _ bWp3 - 4 (1 + j) ]32 + 4bWp + j = 0 ;
w= W / Ao , ]3 = p/ Ao , b = Jz / J .
(3.23)
The fundamental critical speed of the spindle shaft occurs when w= P1 or equivalently
when
(3.24)
Fig. 3-19 shows the effect of shaft length on the critical speed, which corresponds to
the real roots of Eq. (3.24). As expected, larger rotors exhibit a lower critical speed
for a given shaft length. To ensure that the largest r = 15 mm blade-less rotors do
not experience resonance during structural testing, L sh should be less than 7.2 mm.
3.8.2 Dynamics for Pie-Annulus with Filler Material
Chapter 5 describes a related rotor configuration that elilninates imbalance due to the
magnet insertion process. This configuration is silnilar to the pie-annulus rotor ana-
z (m) n2 m) n1 o() on2 () (mm) rn2 (mm) pn
IA 50 550 0 360 0.0 2.5 p8 i
IB 50 550 0 360 2.5 5.0 Ppm
Ic 50 550 0 360 5.0 6.0 Psi
IIA 0 50 0 360 0.0 2.5 Psi
IIB 0 50 0 360 2.5 5.0 Prc
IIc 0 50 0 360 5.0 6.0 Psi
III -350 0 0 360 0.0 6.0 psi
Table 3.4: Parameters of integration for use with the pie-annulus rotor with electro-
plated filler when calculating J,.
lyzed in Section 3.8.1 except that the silicon spokes are replaced with an electroplated
filler having density comparable to the permanent magnet. It is apparent if the filler
material has the same density as the permanent magnets, any arbitrary placement of
the magnets inside the cavity will not increase the overall rotor imbalance. To analyze
this rotor configuration, the space originally allocated for silicon spokes in Region I
of Fig. 3-17 is replaced by an equal-density electroplated filler. Therefore, to simply
calculations, Region I will be approximated by an annular permanent magnet.
Table 3.4 shows the parameters of integration used to compute the polar moment
of inertia J. for the pie-annulus rotor with electroplated filler. The only difference
between Table 3.3 and Table 3.4 is that Region I'B and Region IB2 have been combined
using the aforementioned approximation. Applying Eq. (3.14),
J = J, = 6.87 x 10- 9 kgm2 . (3.25)
Decreasing all values of z, 1 and zn2 by 100 pm in Table 3.4 and substituting the
parameters into Eq. (3.18),
J = J = 3.46 x 10- 9 kgm 2 . (3.26)
Finally, by recomputing the remaining Stodola-Green model parameters and substi-
tuting their values in Eq. (3.24), the minimum Lsh necessary to ensure that the largest
1033.8. Air Spindle Dynamics
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blade-less rotors do not experience resonance during structural testing is 7.2 mm. This
length is identical to that derived for the pie-annulus rotors with silicon spokes.
3.9 Summary and Conclusions
The gas thrust and journal bearings, as well as the turbomachinery and supporting
features, were quantitatively assessed and designed in this chapter. A summary of
critical design dimensions pertaining the gas bearings and seals is given in Table 3.1.
For the journal bearing, two possible designs were considered - axially-fed bearings
and centrally-fed bearings. Although both designs fared well in terms of bearing
stiffness, damping ratio, and whirl ratio, the axially-fed journal bearing is easier to
fabricate and is therefore chosen for the fully-integrated turbogenerator. To allow an
imbalanced rotor to cross the journal bearing natural frequency and remain stable at
high speeds, a journal bearing width of 30 ym was chosen. On the other hand, the
thrust bearing design focused on meeting geometrical constraints posed by the lami-
nated magnetic stator core while preserving high resonant frequencies. Ultimately, a
single-sided thrust bearing clearance of 3 tim was chosen along with a radial bearing
span of 1.9 mm. Coupled to the bearings is a set of turbine blades capable of ex-
tracting 30 W from the incoming air flow in order for the turbogenerator to produce
10 W output power. These blades are designed for stability and not power extraction
efficiency. Finally, inner seal and outer seal clearances were set at 60 pm and 20 pm
respectively to both decouple interaction between the different air flow streams and
keep the rotor stable at high speeds.
To confirm whether the magnetic components in the generator affected bearing
performance, the force and stiffness associated with pull-in, tilting, and radial excur-
sions were theoretically examined. Both pull-in and tilting effects generate a negative,
destabilizing stiffness that would cause the rotor to go unstable and crash into the
bearings if the bearings did not generate sufficient positive stiffness to overcome the
magnetic instability. But because the magnitude of the negative stiffnesses are small
compared to the bearing stiffmness, this issue can be safely ignored. The magnetic
104
rotor and stator interaction also gives rise to a radial restoration force that provides
additional positive stiffness to assist the journal bearing in keeping an imbalanced ro-
tor centered during transcritical operation. From simplified calculations, this radial
magnetic effect generates a stiffness of approximately 6000 N/m, which is comparable
to the stiffness of the journal bearing.
Lastly, the natural frequency of a shaft supported by ball bearings was computed
using the Stodola-Green model. This calculation determined that a shaft length
shorter than 7.2 mm should be used during the mechanical testing of blade-less sil-
icon rotors in order to prevent unwanted resonance. This shaft length applies to
both the pie-annulus with spokes configuration as well as the pie-annulus with filler
configuration.
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CHAPTER 4
STRUCTURAL DESIGN AND
ANALYSIS OF MAGNETIC ROTOR
The thread breakes, where it is weakest.
-George Herbert
4.1 Introduction and Motivation
Given the microturbogenerator design outlined in Chapter 2, it is apparent that
the 360 krpm rotational speed required to generate 10 W will induce substantial
stress within the magnetic rotor. In previous studies of the non-integrated generator
by Das et al. [13], high-speed operation resulted in several destructive crashes of
the magnetic rotor, including one where the permanent magnet fractured and tore
apart the copper windings situated beneath. Although this was acceptable previously
since the non-integrated rotor and stator could be quickly fabricated, the integrated
version, described fully in Chapter 6, is much costlier and more difficult to fabricate.
Therefore, a "trial and error" approach to stress management is not acceptable, and
accurate mechanical models are needed to assess the structural integrity of the rotor.
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In addition to developing accurate stress models, the magnet configuration also
needs to be reevaluated. Annular magnets used previously are readily available, but
they increase rotor imbalance if improperly inserted into the rotor. Alternative rotor
designs that better fit the needs of gas bearings should be explored. Specifically, this
chapter shows why the use of pie-piece magnets is necessary for the integrated device,
even though the pie-piece rotor is mechanically inferior to the full-annulus rotor.
4.1.1 Objectives and Scope of Chapter
Accurate mechanical modeling of the magnetic rotor under high-speed operation is
the main objective of this chapter, but numerous related topics, such as material
fracture and failure mechanisms, are essential for creating a good model. To this end,
this chapter has the following objectives.
1. Explore three different magnetic rotor designs - full-annulus, pie-annulus with
spokes, and pie-annulus with magnet locators - and evaluate the pros and
cons of each design. Section 4.2 provides qualitative comparisons of all three
configurations.
2. Ascertain the validity of using FEA to model rotor stress at high speeds. The
radial stress and deformation obtained through a simple analytical solution is
compared to FEA results in Section 4.3.
3. Briefly examine the salient failure mechanisms in brittle and ductile materials
and relate these failure modes to the materials used in the magnetic rotor. See
Section 4.4 for details.
4. Employ FEA to determine the stresses and deformations for the three rotor
designs and pick the best design. This is discussed in Section 4.5 under the
assumption of perfectly bonded interfaces.
5. Understand how non-ideal boundary conditions can affect the structural in-
tegrity of the magnetic rotor. In particular, Section 4.6 examines the effect of
delaminated interfaces.
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4.1.2 Chapter Organization
The chapter begins by making qualitative comparisons between three different mag-
netic rotor designs using metrics related to power generation, structural integrity, ease
of fabrication, and imbalance. Following this discussion, a simplified rotor model is
used to verify the validity of FEA results by comparing them to numbers obtained
analytically. Next, Section 4.4 is dedicated to reviewing relevant material science
and mechanical engineering concepts, including the notion of statistical failure anal-
ysis using Weibull statistics. Finally, the chapter culminates in the use of FEA in
Section 4.5 to determine which of the magnetic rotor designs is most suited for the
fully-integrated turbogenerator.
4.2 Magnetic Rotor Configurations
Based on the electrical, mechanical, and bearing requirements for the MEMS turbo-
generator outlined in Chapter 2 and Chapter 3, three magnetic rotor configurations
- full-annulus, pie-annulus with spokes, and pie-annulus with locators - are ex-
plored, and the advantages and disadvantages of each are presented. First, high-level
comparisons are made in Section 4.2.1-4.2.3. FEA and simulation results are then
used to quantify the differences between the rotors and justify the selection of the pie-
annulus with locators configuration as the best choice. Note that with the exception
of Section 4.6, all discussions assume ideal, bonded interfaces in the rotor.
4.2.1 Full-Annulus Magnetic Rotor
The first configuration, which resembles the rotor analyzed by Das et al. [2,13] and is
denoted as the full-annulus magnetic rotor, consists of a silicon disc with an annular
recess of height tr,cav filled by a layer of back iron and a layer of permanent magnet.
Fig. 4-1 depicts this configuration with a back iron height of tr,bi and a permanent
magnet height of tr,pm; the rendering assumes a perfect fit between the magnet and
the silicon recess. This rotor is attractive from a fabrication point of view; preformed
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(a) Top view (b) Cutaway view
Figure 4-1: Top and cutaway schematic renderings of a full-annulus magnetic rotor
with back iron height tr,bi and permanent magnet height tr,pm. In these renderings,
yellow represents the back iron, orange represents the permanent magnet, and gray
represents silicon.
permanent magnets can be purchased and the rotor fabrication process involves a
single etch to form the annular recess.
However, as discovered by Das during post-experimental modeling, the process of
magnetizing preformed annular magnets to obtain the desired pattern of alternating
north and south poles is difficult. First, transition regions where the magnet is not
fully magnetized exist between the neighboring poles (see Section 4.3 in [13]). Fur-
thermore, the selective reversal process used to generate the alternating poles results
in the annular magnet not being fully magnetized, causing the output voltages to be
smaller than expected.
More importantly, this configuration cannot meet the rotor imbalance require-
ment established in Section 5.2. According to simulations performed by Teo, the
magnetic rotor imbalance must be kept below 5-6 pm in order for the rotor to in-
vert. When the annular magnet is inserted into the silicon rotor, any misalignment
between the magnet and rotor center of mass will result in increased imbalance. This
misalignment can arise either from an imperfect insertion or machining tolerances of
the annular magnet. Given that machining tolerances cannot be easily eliminated, a
more preferable rotor configuration would minimize their impact on the overall rotor
imbalance.
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(a) Top view (b) Cutaway view
Figure 4-2: Top and cutaway schematic renderings of a pie-annulus magnetic rotor
with spokes. In these renderings, yellow represents the back iron, orange represents
the permanent magnet, and gray represents silicon.
4.2.2 Pie-Annulus Magnetic Rotor with Spokes
By examining the disadvantages of the full-annulus rotor, it is apparent that an
annular magnet is not suited for the silicon MEMS turbogenerator. Instead, the
annular magnet should be cut into "pie pieces" that can be individually inserted
into the silicon rotor. First, this eliminates the selective pulse magnetization process
because the magnet sectors can be axially magnetized together and half of them can
be physically inverted to create the desired pole orientation. Furthermore, magnet
hoop stress is reduced during high-speed operation. Finally, pie pieces are easier to
balance because they can be pushed out to the edge of the silicon recess, and pairs
of magnets with matching weights and geometries can be placed diametrically to
minimize the impact of machining tolerances.
Fig. 4-2 shows a conceptual rendering of this rotor configuration, known as the pie-
annulus magnetic rotor with spokes. Here, the annular magnet has been cut into eight
separate pieces to form the eight-pole magnetic rotor design specified in Chapter 2.
Note, however, that the back iron beneath the permanent magnets is still annular and
not divided into eight sections in order to keep the reluctance of the magnetic circuit
low. To emphasize a feature for rotor balancing and assembly not applicable to the
full-annulus rotor shown in Fig. 4-1, the magnet pieces are not assumed to perfectly
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(a) Trapezoidal magnetization (b) Discrete magnetization
Figure 4-3: Comparison between trapezoidal and discrete rotor magnetization. In
the diagrams, M. (y') represents the axial magnetization at a particular position y'
in the unwrapped rotor coordinate system while Cm and ws, represent the transition
region width and spoke width respectively.
fit into the silicon recess. Specifically, two magnet spacers have been added at the
inner and outer radii of the recess and each spoke connecting the hub and rim of the
rotor has two sidewall magnet spacers. The use of these spacers will be discussed in
Section 5.5.1.
Despite the many improvements, there are several important disadvantages asso-
ciated with the pie-annulus design. Manufacturers typically do not carry preformed
permanent magnets shaped into tiny pie pieces, and the cost for custom-made mag-
nets can be exorbitant. Therefore, a precision in-house magnet-cutting method has to
be developed. At the same time, assembly becomes more complicated due to the sheer
number of magnet pieces per rotor and the need to precisely insert every piece. Addi-
tionally, there is a trade-off between output power and structural integrity, depending
on the chosen spoke width. In particular, wider spokes promote structural integrity
while decreasing the amount of magnetic material available for power generation, and
the same is true vice versa. To determine a reasonable spoke width, consider the two
simplified magnetization profiles shown in Fig. 4-3. Following the conventions used
by Das [13], the magnetic rotor is "unwrapped" by a coordinate change from (r,O,z)
to (x,y,z) by setting x = r, y = rO, and z = z. M, (y') is the axial magnetization
at any position y', with a positive value denoting flux pointing in the +z direction
and a negative value denoting flux pointing in the -z direction. A (x) denotes one
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wavelength of the magnetization profile and varies depending on the radial position.
Finally, M,m,, is the maximum magnetization strength, Cm is the transition region,
and ws, is the spoke width under consideration. For sake of argument, assume that
equating the absolute area of the two profiles makes the configurations sufficiently
similar. In the trapezoidal profile,
AI = B IC = (A - Cm) Mz,max (4.1)2 4
At,tot = JA + IBI + IC = (A - cm) M,max . (4.2)
On the other hand, for the discrete profile,
JAI = ( M |C = - w ax (43)2 2 2
Ad,tot = IAI + IBI + IC = (A - 2wp) M,max. (4.4)
By comparing Eq. (4.2) to Eq. (4.4), it is apparent that w8 , = Cm/2. Based on Section
4.6.1 of Das [13], Cm = 1 mm, so the spoke width w~, should be less than 500 /tm.
The final turbogenerator design employs spokes with a width of 300 ym.
4.2.3 Pie-Annulus Magnetic Rotor with Magnet Locators
Cutting the magnets into pie pieces alleviates several problems associated with the
full-annulus design, but the resulting shape of the silicon enclosure is not suited for
the back iron electroplating process. In Fig. 4-2, eight radial spokes extend between
the center hub and the rim. They serve a dual-purpose of properly locating the
magnets inside the cavity as well as providing mechanical strength for the rotor. The
problem, however, stems from fact that the back iron electroplating initiates from the
bottom of the silicon cavity and extends upward; if the spokes are present, plating
fluid may be trapped under the spokes as the back iron "pinches in" around the
spokes. The trapped liquid can result in a catastrophic rotor explosion if the rotor is
heated during subsequent fabrication steps. Additionally, if a thin metal seed layer is
required for electroplating, the layer cannot be deposited after rotors are fabricated
4.2. Magnetic Rotor Configurations 113
4. Structural Design and Analysis of Magnetic Rotor
(a) Top view (b) Cutaway view
Figure 4-4: Top and cutaway schematic renderings of a pie-annulus magnetic rotor
with magnet locators. In these renderings, yellow represents the back iron, orange
represents the permanent magnet, and gray represents silicon.
since the spokes would partially mask the deposition.
To resolve these issues while retaining the advantage of using magnet pie pieces,
a third configuration denoted as the pie-annulus magnetic rotor with magnet locators
was explored. Here, sets of locking protrusions, called magnet locators, are spaced
evenly along the inner and outer radii of the silicon cavity to serve as insertion guides
for the magnet pieces. Note that the locators extend into the back iron layer, but
they do not significantly impede the flow of magnetic flux because they only extend
366 /im beyond the cavity sidewalls. Although this rotor configuration manages to
eliminate the radial spokes, it is questionable whether the structural integrity would
be compromised. In order to answer that, Section 4.5.3-4.5.5 below will quantify the
mechanical strength of all three configurations through FEA.
4.3 Mechanical Analysis of Simplified Rotor
Because the magnetic rotor configurations under consideration are non-homogeneous
in the z-direction and possibly non-axisymmetric, FEA is necessary for the calculation
of rotor stresses and deformations under rotational loading. However, FEA programs
typically do not offer design insights and can produce incorrect results if the meshes
and input geometries are not carefully chosen. Therefore, to ensure that the FEA
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S+ (aazlaz)Az
rZT + (arTelaz)Az
Tzr + (aTr2 az)Az
Figure 4-5: General state of stress in cylindrical coordinates. (Based on Crandall et
al. [12])
results are trustworthy, it is instructive to compare analytical solutions based on first
principles to FEA outputs for the case of a simplified rotor. A close match indicates
that the FEA results can be used confidently in future analysis and also gives a set
of baseline values that the full rotor FEA can be compared against.
4.3.1 Analytical Solution of Simplified Rotor Model
Fig. 4-5 shows the general state of stress of a differential mass element dM in cylin-
drical coordinates, with frot representing the radial force per unit volume on the
element due to rotational loading. By summing the forces in the radial direction and
neglecting terms containing Ar 2 and A0 2,
Oar 1 d7rB 'zr Ur - G
-r+ 1r + + U-+ frot = 0 .Or rO 0 z r (4.5)
If the element has density p,
dM = prArAOAz ,
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Figure 4-6: Simplified magnetic rotor used for verifying FEA results. Note that
each region extends all the way through the rotor, which implies that the analysis is
axisymmetric.
so from the rotational kinematics of an element spinning with angular velocity w,
dMw2
frot = ArA z - x 2r . (4.7)
Substituting Eq. (4.7) into Eq. (4.5), the differential equation describing the state of
stress in the radial direction is
Oar 1 TrO Tzr Ur - (4.8)+  + + + pw2r = 0. (48)
r r 8 Oz r
Consider the top view illustration of a simplified magnetic rotor in Fig. 4-6. To
capture the essential mechanical properties of the actual rotor, the simplified rotor
consists of an annular magnetic region sandwiched between two regions of silicon.
Each region in the simplified rotor penetrates the full rotor height in order to create
an axisymmetric problem that can be tractably solved by hand. Given this problem
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setup, rotation about the z-axis does not induce strain in the z-direction. Therefore,
{ r,i = 1
,=
E'i= 0
(Ur, i - Via,i)
( - ViUr,i) (4.9)
for region i [12]. Defining the radial displacement at radius r to be u = u(r), Crandall
et al. [12] derives the strain-displacement equations as
dui
er,i = drdr'
Ui
r
(4.10)
Rearranging the first two rows of Eq. (4.9) and using Eq. (4.10),
.ri =
dr + ri ) (4.11)
(Viri + i)
Now, Eq. (4.11) can be back substituted into Eq. (4.8), and noting that 9rOe/O0 =
7,.r/, z = 0 for the simplified rotor,
d2ui
dr2
1 dui
r dr
ui
2 +' air = 0 ,
T2
(4.12)
piW2 (1- 2)
ai --
Ei
(4.13)
Assuming a functional form for ui as
Ui = Kr" (4.14)
where K is an arbitrary constant and n is an integer. Substituting into Eq. (4.12),
(n 2 - 1) Krn - 2 + air = 0 , (4.15)
implying that u must contain at least a cubic term with -ai/8 as its leading coefficient.
with
4.3. Mechanical Analysis of Simplified Rotor 117
4. Structural Design and Analysis of Magnetic Rotor
Therefore, in its most general form,
i3 Bi
ui = - + Air + i (4.16)8 r
with Ai and Bi being arbitrary constants. Finally, by back substituting Eq. (4.16)
into the first row of Eq. (4.11), the radial stress in each region of the rotor can be
written in terms of six arbitrary constants Ar, All, AIII, BI, B 1, and BIII. Specifically,
=i = (3±+ji)ir2 + (1 + vi) Ai + (vi - 1) . (4.17)
In Region I of Fig. 4-6, the displacement is zero at r = 0, so B1 = 0 from Eq. (4.16).
Using this information along with Eq. (4.17), the radial stress in each region can be
expressed as
Ur,I = 1  Ei (3 + vsi) aSi r 2 +(1 + )AI (4.18)1-s 2i 8
0'r,= Epm [ (3 + pm) pmr 2 + (1 + pm) All + (pm - 1) (4.19)rII 1 - V2  8 rm
Esi [ (3 + usi) lsi 2 BIII
'r,mIII = 1 -E [(3 + - ) Air + (1 + usi) Ali + (vsi - 1) B~11  (4.20)
where
sii 2 
-- Vi) PpmW2 (1 - Vpm)
O'si = apm = (4.21)
Esi Epm
By assuming that the regions do not delaminate under rotational loading, the stress
and radial displacement are continuous at Rom and Rim, so
(7r, (Rim) = 7r,II (Rim)
Ur,II (Rom) = Ur,III (Rom) (4.22)
aTr,III (Rsi) = 0{uI (Rim) = uII (Rim) (4.23)
UlI (Rom) = u1II (Rom)
Now, using the displacement equations from Eq. (4.16) and the stress equations from
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Eq. (4.18)-(4.20) together with the boundary conditions specified in Eq. (4.22)-(4.23),
the remaining constants can be solved for:
A = asi - apm R2 + B +
A = A8 , im
AII,d
S(si + 1) (Casi - apm) R 2  (si + 3) asi R 2
An 8 om 8 si
(vpm + 3) apm + F [vsiapm - 2 Osi - apm] (jsi + 1) RIm
(vpm - 1) - F (usi + 1) 8Rom
'(1si - 1 si + I) Rm (Vpm + 3) apm + F [Vsicpm - 2 asi - Opm]
R-( i R- m /) 2F m 8
x (m R4 2xR2 o m
( +( si - 1 pSi + 1 Rom (pm + 1) - F (si + 1)AII,d i 2F m m - 1) -(si + 1)
m (ipm + 1) - (Tsi + 1) R m
x (im / 1) (ip r (si + 1) (1 1) 1) 2m
( pm (V1) m -1) - (si + 1) R
si + ) (i/pm + 1) - F (isi + 1) R? om II+(pm ± 3)apm +[-ispm2asi - apm] j + ((pm - ) F (si4   R+om
_ si -(+pm 2 (pm 1) - (si + 1) R? BAll = , P R 2 A8 om (pm-- 1) r- F(vsi + 1) R2m R-m
(Vpm + 3) apm + F [vsiapm - 2,si - cm] R m
+
(vPm - 1) -F (si + 1) 8Rom
(vPm + 1) - F (vsi + 1) A2l
(BIIvPm - 1) - F (Vsi + 1)
(2pm + 3)f pm + 3) [vsipm - 2 tsi -a Lpm] R _m
(Vpm - 1) - F (Vsi + 1) 8
S - Es 1 - v2
S= E pm (4.24)
EPm 1+- V+
Using the constants AI-AII, and BI-B111 in Eq. (4.16) and Eq. (4.17) allows one to
calculate the displacement and stress in all three regions. These equations are used
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in Section 4.3.2 to calculate the analytical solutions shown in Fig. 4-8.
4.3.2 FEA Verification of Simplified Rotor Model
With all the constants defined, the radial stress a,, hoop stress ao, and radial dis-
placement u in all three regions can be numerically determined given the material
constants p, v, and E of each region and the rotor dimensions RPi, Rim, and Rom.
In particular, the maximum stress and radial displacement experienced by the mag-
netic rotor are important parameters to study; they can be calculated analytically
using the derivations in Section 4.3.1 and compared to the results obtained from
ANSYS, a commercial FEA program, to determine the accuracy of FEA. The maxi-
mum stress occurs at the center of the rotor in Region I, so by substituting Eq. (4.16)
into Eq. (4.11) and setting r = 0,
Sar,max = (1 + usi) A, (4.25)
U0,max = -r,max
This result makes sense because at the center of the rotor, the radial and theta
stress are indistinguishable from each other. On the other hand, the maximum radial
displacement occurs at the outer edge, so by using Eq. (4.16) in Region III and setting
r = Ri,
Umax _= a + A 1 Rsi + BIII (4.26)8 Rsi
Consider a simplified magnetic rotor with Rim = 2.5 mm, and Rom = 5 mm
where Region I and III are both silicon and Region II is a rare-earth permanent
magnet Sm 2Co17. Given these material selections, Psi = 2330 kg/m 3 , Esi = 179 GPa,
vsi = 0.27 [33], Ppm = 8400 kg/m3 , Epm = 117 GPa, vpm = 0.27 [30]. Furthermore,
assume that the rotor is fully constrained in the axial direction and therefore does
not experience any rigid body motion. Finally, to simplify the analytical solution
as well as the FEA, assume that none of the contact surfaces between Region I, II,
and III delaminate. The comparison is made with the rotor angular velocity set at
w = 500 krpm while Rai is varied between 5.2 mm and 6.8 mm. Fig. 4-7 shows the
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Figure 4-7: ANSYS mesh for the simplified magnetic rotor. To generate this mesh,
the element size was set at 0.1 mm and aggressive shape checking was enabled.
ANSYS mesh, consisting mostly of well-formed rectangular elements sized at 0.1 mm
but also a few distorted regions near the center, for one-eighth of the magnetic rotor.
After the FEA is run for all the different radii, the maximum radial stresses and
radial displacements are plotted together with the analytical solutions derived from
Eq. (4.16) and Eq. (4.17); the results are shown in Fig. 4-8. Except for a slight
over-prediction of the maximum radial displacement for small rotors, the analytical
solution and FEA practically lie on top of each other. Considering that the worst error
across these radii is still much less than 1%, FEA using the 0.1 mm mesh produces
very accurate results.
4.4 Stress and Material Limitations
Now that the validity of FEA is confirmed using a simplified scenario, the question
becomes whether the rotor configurations examined in Section 4.2 are structurally
sound and whether they will experience significant distortions at 360 krpm. In order
to answer this, the physical material strength limits must first be understood. It
is not sufficient, however, to simply compare the maximum stresses of a particular
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Figure 4-8: Comparison of analytical solution and FEA for the simplified magnetic
rotor. The graphs for the maximum radial stress and displacement correspond to a
rotor with silicon in Region I and III and Sm2Co 17 in Region II.
rotor configuration to tabulated material property entries. The first reason is that the
tabulated values are usually for bulk macroscopic samples tested under very specific
conditions and cannot be directly used to analyze the MEMS turbogenerator magnetic
rotor. Furthermore, because silicon and rare-earth permanent magnets are brittle at
room temperature, the stresses at which they fracture are not single, well-defined
values. Rather, Weibull statistics must be used to relate a particular stress value
to the probability that the material would fail. Given the added complexity, this
section provides a limited overview in material fatigue and fracture analysis to help
the reader understand the FEA discussions in Section 4.5.3-4.5.5.
4.4.1 Brittle Versus Ductile Materials
The turbogenerator magnetic rotor consists of three different materials: silicon, nickel-
iron, and neodymium-iron-boron. Both silicon and neodymium-iron-boron are brittle
at room temperature, which means that they are subject to fracturing when stressed.
Brittle materials usually do not deform or yield under high loading and snaps apart
almost instantaneously upon failing. On the contrary, ductile materials, such as the
nickel-iron used for the magnetic back iron, do not catastrophically fail but instead
n~h
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U u
(a) Brittle material (b) Ductile material
Figure 4-9: Typical stress versus strain curves for brittle and ductile materials. For
the brittle material, Point 1 represents the ultimate strength. For the ductile material,
Point 1 represents the ultimate strength and Point 2 represents the yield strength.
(Courtesy of Wikipedia [53])
plastically deform and elongate as they are loaded past their yield strength ry. Note
that these descriptions are overly simplistic but sufficient for the current discussion.
Fig. 4-9 shows the typical stress versus strain curves for brittle and ductile materials.
In essence, both material lengthens, or strains, as a stress is applied up to a certain
point - the ultimate strength for brittle materials and the yield strength for ductile
materials. While the brittle material ruptures, as indicated by Point 2 in Fig. 4-
9(a), the ductile material continues to take on additional load until the stress reaches
Point 1 in Fig. 4-9(b), the ultimate strength of the material. After that point, the
ductile material begins to "neck," meaning that further loading causes the radius of
the material to shrink as the material elongates, and at Point 4 in Fig. 4-9(b), the
material ruptures.
4.4.2 Review of Weibull Statistics
Described in greater detail by Chen [8], the fracture strength of brittle materials is
determined by the distribution of microscopic flaws as well as the size of the flaws.
This implies that a given material can fail even if the applied load is much lower than
the ultimate strength of that material. Furthermore, since microscopic flaws always
exist, brittle materials can never be made to have zero probability of failure, only
U
E
1234.4. Stress and Material Limitations
4. Structural Design and Analysis of Magnetic Rotor
a probability that is very low. According to Weibull [51], the probability of failure
Pf (a, V) for a material of volume V under a load a = a (x, y, z) is assumed to be
Pf (a, V) = 1 - exp a au dV (4.27)
where au is the cut-off strength, ao is the reference strength, and m is the Weibull
modulus. The Weibull modulus measures the distribution of material strengths across
many samples with the same volume and loading condition; a large modulus indicates
a narrow spread in material strengths, most likely due to uniformity in flaw distribu-
tion across the tested samples. au is a threshold parameter typically set to zero for
ceramics such as silicon. Assuming au = 0 and an uniform tensile stress in the entire
material, Eq. (4.27) simplifies to
Pf (a, V) = 1 - exp - . (4.28)
Eq. (4.28) indicates that as the material stress increases, the probability of failure
also increases in an exponential fashion. In particular when a = a0, Pf = 63%,
meaning that on average, two out of three samples would fracture. For safe designs, a
standard engineering metholodgy is to limit the maximum stress to ensure a 95-98%
survival rate.
4.4.3 Properties of Si, NiFe, and NdFeB
Using Section 4.4.1-4.4.2 as a basis for discussion, the material properties for Si, NiFe,
and NdFeB are now highlighted. According to Chen [8], the Weibull parameters for
silicon vary significantly depending on the roughness of the wafer surface. Chen
investigated mechanically ground, KOH etched, STS DRIE, and chemically polished
wafers and found that a0 ranged from 1.2 GPa for mechanically ground wafers to
4.6 GPa for DRIE wafers. Similarly, the exponent m varied from 2.7 for mechanically
ground wafers to 12 for KOH etched wafers. To formulate a conservative design, the
author adopted the parameters for mechanically ground wafers and determined that
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Figure 4-10: Schematic drawing of NdFeB pull test sample. The samples are machined
from commercially purchased NdFeB plates dimensioned at 70 mm x 20 mm x 5 mm.
(Courtesy of David Veazie, CAU [48])
the maximum stress in the silicon portion of the rotor should not exceed 400 MPa in
order to keep Pf < 5%. Note that this calculation assumes that the rotor temperature
is kept well below 700 K; at elevated temperatures, silicon actually exhibits ductile
characteristics.
For the NislFe1s back iron, fracture is less of a concern because it is ductile. There
are currently no reliable mechanical data for 50 pm thick electroplated NiFe of this
particular composition, so an estimate of the yield strength is made using bulk values
for NiFe50. Specifically, the yield strength is approximated at 730 MPa [32]. Although
this estimation is grossly inaccurate, past experience from high-speed magnetic rotor
operation using an air spindle [13] shows that the back iron does not fail, so the
precise yield strength is not critical to the design.
The mechanical properties of NdFeB, on the other hand, is crucial to the success
of the microturbogenerator since rare-earth permanent magnets are inherently weak
and will likely fracture at a much lower rotational speed in comparison to silicon.
CAU machined a set of dog-bone shaped pull test samples, shown in Fig. 4-10, from
commercially purchased NdFeB plates and generated stress-strain curves for three
samples. Except for one outlier that prematurely fractured at 1 MPa, the other two
samples withstood stresses up to 100 MPa. Comparing this result to the published
bulk material strength of 85 MPa [30], 30 MPa is assumed to be the safe operating
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Material Name p (kg/m 3) E (GPa) v uy (MPa) ma, (MPa)
Si [33] 2300 179 0.27 400
NdFeB [30] 7400 152 0.24 30-40
NiFe [9] 8712 300 0.27 730 200-250
Table 4.1: Values of material properties used in FEA. p is the density, E is the
Young's modulus, v is the Poisson's ratio, ay is the yield stress, and am,, is the
suggested stress limit.
limit. Note that for the NdFeB, the Weibull reference strength and modulus were
not determined because not enough pull tests were performed, so the probability of
failure for a given stress level cannot be calculated.
In addition to the stress limitations mentioned in the above paragraphs, there are
other mechanical parameters required to model the materials correctly. In particular,
the material density, Young's modulus, and Poisson's ratio are needed. Normally, an
entire chapter would be devoted to the measurement setup and data reduction, but
resource limitations precluded a careful characterization of the materials used in the
turbogenerator. Therefore, bulk material values, shown in Table 4.1, will be used in
the FEA to follow, which will result in modeling uncertainties.
4.4.4 Aside: Strength of Solder and Epoxy
The idealized magnetic rotor consists of only the permanent magnets, back iron, and
silicon housing, but in reality, the magnetic attraction between the magnets and the
back iron is insufficient to hold the magnets in place at high speeds. For example, FEA
applied to a permanent magnet pie piece with Br = 1.4 T and H, = 1.11 x 106 A/m
and dimensioned according to Table 2.1 shows that the axial attractive force to the
rotor back iron is approximately 1.3 N. Assuming a static coefficient of friction g, ;
0.5, the magnet piece would begin to slide with a centrifugal force larger than 0.65 N.
By approximating the magnet as a 30 mg point-mass at r = 3.75 mm, the centrifugal
force exceeds the frictional force at a velocity of 9 m/s, which translates to a rotational
speed of 22.9 krpm. Given that the rotor is expected to accelerate up to 300 krpm,
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the assumption that the magnet will slide is valid.
Without a "glue" between these two components, the magnets will slide to the
edge of the cavity and load the silicon frame as the rotor accelerates. Section 4.6
discusses the effect of this loading in more detail, but suffice it to say, this loading is
undesirable. Two materials have been considered to prevent the magnet movement
- solder and epoxy. Solder is applied in solid form around the magnets, reflowed,
and polished to achieve a flat finish. On the other hand, because epoxy is generally
more difficult to apply uniformly, a thin coat would be painted on top of the back iron
before the magnet is seated. Consequently, solder provides the bulk of its support on
the inner radius of the magnet while epoxy provides shear strength.
Again, due to time constraints, extensive material characterizations were not con-
ducted. However, it is useful to know the approximate strength of the two filler ma-
terials. According to the National Institute of Standards and Technology, the yield
strength of typical tin-lead solder is around 27.2 MPa [36]. Referring to Fig. 4-13 and
examining the maximum principal stress experienced by a full-annulus permanent
magnet, the solder prevents the permanent magnet from sliding below 100-150 krpm.
On the other hand, the shear strength of epoxy is typically between 10 MPa to 27
MPa [6]. The bonding area of the epoxy is larger since it is applied on the bottom of
the magnets, but it is still likely to fail at high speeds due to its limited strength. To
achieve the design speed of 360 krpm, a high-strength adhesive is required.
4.5 Application of FEA to Rotordynamics
As mentioned in Chapter 2, mechanical integrity of the rotor is of great importance
because the generation of 10 W requires a rotational speed around 360 krpm. Three
rotor configurations have been proposed earlier, and in order to verify the feasibility
of each configuration, FEA is now employed to calculate the stresses and deforma-
tions experienced by the rotors. In particular, the stress experienced by the NdFeB
permanent magnets is especially important, based on the discussion in Section 4.4.3.
Additionally, since the rotor is encapsulated in a silicon die, the simulations must ac-
127
4. Structural Design and Analysis of Magnetic Rotor
Parameter Name Nominal Effect on Device
Blade Deflection Blade scraping against top die
Inner Seal Clearance 60 pm Leakage, high-speed stability
Journal Bearing Width 30 pm Bearing behavior; likelihood of crash
Labyrinth Seal Clearance 20 pm Leakage; high-speed stability
Permanent magnet stress Fracture of magnets
Rotor back iron stress Yielding of back iron material
Silicon stress Fracture of rotor housing
Thrust Bearing Edge 3 pm Likelihood of tilting crash
Table 4.2: FEA parameters of interest. These parameters can be broadly categorized
into deformation and stress induced effects.
curately capture rotor deflections due to high-speed rotation in order to understand
how the designed clearances change during operation.
4.5.1 Parameters of Interest
The magnetic rotor can fail due to structural failures such as fracture and yielding,
but it can also fail when rotor deformations in the axial and radial directions are
large enough compared to the designed clearances. For example, radial growth at
high speeds decreases the journal bearing clearance, and if the deformation is not
controlled, the rotor can contact the journal bearing sidewall and crash. Table 4.2
lists the important parameters that should be extracted from FEA as well as potential
consequences if the parameters are not well controlled. The table also lists the nominal
design values for the parameters if they are non-zero.
To better help the reader visualize the location of the important deformation pa-
rameters, Fig. 4-11 shows a sample rendering of a magnetic rotor that has deformed
at high speeds. Arrows point to radial positions on the rotor where the FEA results
will be probed to determine the magnitude of various rotor deformations. Note that
an undeformed rotor, shaded in a lighter color, is also shown in the picture for com-
parison. This particular rendering assumes a bottom-bonded boundary condition for
the permanent magnets, which is similar to what the epoxy attachment would create.
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Figure 4-11: Schematic of high-speed rotor deformation showing the locations where
the FEA parameters are extracted.
4.5.2 Applicability and Limitations
There are typically two types of stresses calculated by the FEA: von Mises (equiva-
lent) stress and maximum principal stress. Neither is "better" than the other, but
von Mises stress has traditionally been applied for ductile materials to characterize
yielding. Given that the majority of the rotor is formed from brittle materials, max-
imum principal stress is chosen for structural integrity evaluation. As a consequence,
the stress values for the back iron, which is ductile, should not be used to determine
whether the NiFe has yielded. However, the following discussion shows that NiFe
never experiences stress levels close to its yield strength, so the distinction between
von Mises and maximum principal stress is not of great importance.
Another limitation inherent to FEA is the trade-off between accuracy and simula-
tion time. In particular, accurate simulations involving nonlinear boundary conditions
between objects (e.g. radial sliding of magnets) are expensive and time consuming.
Therefore, the bulk of the reported data in this section assumes that the magnets
are fully bonded to the silicon and rotor core. These data are accurate as long as
the interfacial stresses between the magnet and surrounding enclosure stay below the
strength of the solder or epoxy filler, but at higher speeds when the bond breaks,
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Lumped Mass for
Speed Bump
Figure 4-12: ANSYS mesh for the full-annulus rotor. The mesh was generated using
0.2 mm elements for the silicon region and 0.1 mm elements for the permanent magnet
and back iron.
the reported data underestimates the actual stresses and deformations. Section 4.6
discusses the effect of magnet delamination in more detail.
4.5.3 FEA for Full-Annulus Magnetic Rotor
Because complex FEA requires significant computing power, some simplification of
the rotor geometry is required. For the full-annulus magnetic rotor geometry, the
permanent magnet is assumed to fit perfectly in the rotor cavity. Additionally, the
turbomachinery and speed bump used for optical speed detection, both 350 pm tall,
are modeled using a lumped-mass approximation. The speed bump is modeled using
an annular ring 350 pm tall positioned between r = 0.297 mm and r = 2.148 mm,
while the blades are modeled using another ring, also 350 pm tall, positioned between
r = 4.045 mm and r = 4.435 mm. Fig. 4-12 depicts a meshed geometry used for the
full-annulus rotor FEA. Notice that the silicon region is meshed using tetrahedrons
while the back iron and permanent magnet are meshed using hexahedrons.
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Figure 4-13: Maximum principal stress for full-annulus rotor as a function of ro-
tational speed generated using FEA. A theoretical prediction using the equations
derived in Section 4.3.1 with NdFeB as the permanent magnet material is also shown
for comparison. Nominal geometrical parameters used are found in Table 2.1, and
the design stresses used are found in Table 4.1.
To decrease simulation time, only one-eighth of the rotor is simulated. Symmetry
boundary conditions are imposed on the cut face of the rotor, and the center is
restricted to have no movement in the z-axis. Also, rotational inertia is applied to
the center of the rotor, depending on the desired data point. Finally, as mentioned
in Section 4.5.2, bonded boundary conditions are applied to all object interfaces.
Fig. 4-13 shows the maximum principal stress in each of the three rotor compo-
nents as a function of rotational speed. A theoretical curve based on the equations
derived in Section 4.3.1 is also provided for comparison purposes. This curve under-
estimates the FEA results because the simplified rotor only experiences radial stress
and not bending stress. As expected, the stresses increase in a quadratic fashion with
speed, and based on the bulk properties of NdFeB cited in Table 4.1, the magnetic
rotor is expected to experience mechanical failure above 200 krpm. Again, because in
situ failure analysis was not conducted for the permanent magnets, it is difficult to
assess the precise failure speed. On the other hand, FEA shows that even at speeds
of 400 krpm, the silicon housing and back iron are not expected to experience stress
levels where fracture or yielding is of concern. It is instructive to observe that due
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Figure 4-14: High-speed deformation of full-annulus rotor. Consult Fig. 4-11 for the
rotor locations specified in the chart. Nominal geometrical parameters used are found
in Table 2.1.
to the fully-bonded boundary conditions, the maximum principal stress is similar
throughout the entire rotor.
Next, the radial and axial rotor deformations are assessed as a function of rota-
tional speed using Fig. 4-14. Referring to Table 4.2, the radial deformation, even at
400 krpm, is small compared to the journal bearing design width of 30 pnm, so wall
contact can be safely ignored. In the axial direction, the edge of the thrust bearing
can deflect as much as 1 pm toward the forward side at 400 krpm, which is 30% of
the single-sided bearing clearance. This is acceptable as long as the rotor is centered
axially during high-speed rotation, but if the rotor drifts upward due to incorrect
thrust bearing settings, this deformation can result in a crash. The rotor deforma-
tion above the inner seal is not critical because the inner seal clearance is nominally
60 pm and the deformation at high speeds is less than 2 jm, which is within 3% of
the design value. The outer seal clearance is much more worrisome because the design
value is 20 pm, and the high-speed rotor deformation above the outer seals is almost
8 pim. The increased seal clearance will cause unwanted leakage and may negatively
affect rotor stability. Lastly, note that the rotor blades also deflect, but because the
turbogenerator fabrication process already includes a forward tip clearance etch of
20 pm, the 5 pm deflection at 400 krpm is acceptable.
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Figure 4-15: Magnet stress in full-annulus rotor at 400 krpm. Note that for a given
radius and axial position, the stress is constant. Also, the red region denoting high
stress extends radially for approximately one-sixth of the magnet length.
Before analyzing the other rotor configurations, it is useful to determine the stress
distribution in the permanent magnets. This allows a comparison to be made based on
the probability of fracture for the magnets, since a larger magnetic volume under high
stress translates to a higher probability of failure. Fig. 4-15 shows the magnet stress
distribution at 400 krpm. Due to 0-symmetry, contours of equal stress are along the
radial direction. Furthermore, there is a large portion of the magnet, almost one-sixth
of the magnet length, being highly stressed.
4.5.4 FEA for Pie-Annulus Magnetic Rotor with Spokes
The FEA model used for the pie-annulus magnetic rotor with spokes is similar to
the full-annulus rotor except for one change - the total magnet width is shrunk by
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Figure 4-16: ANSYS mesh for the pie-annulus rotor with spokes. The mesh was
generated using 0.2 mm elements for the silicon region and 0.1 mm elements for the
permanent magnet and back iron.
300 pm, and the empty space is replaced with silicon. Fig. 4-16 shows the meshed
geometry for the pie-annulus rotor with spokes. To reduce simulation complexity,
the 50 /pm magnet spacers found on the inner and outer cavity sidewalls (see Sec-
tion 4.2.2) have been eliminated from the FEA model. This mesh is accurate for
simulations involving bonded interfaces, but the sharp corners must be refined if
magnet delamination conditions are assumed. This refinement is necessary because
ANSYS does not converge properly when nonlinear boundary conditions are applied
to sharp corners. Alternatively, all the corners of the magnet can be filleted to help
ANSYS converge.
Fig. 4-17 shows the maximum principal stress experienced by various parts of
the pie-annulus rotor during high-speed operation. The curves are again quadratic
and follow the theoretical prediction closely. Comparing this set of curves to those
generated for the full-annulus rotor, the stress experienced by the brittle magnets
is somewhat lower while the stress in the back iron is increased. Even though the
magnet stress decreases only 20 MPa going from a full-annulus configuration to a pie-
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Figure 4-17: Maximum principal stress for pie-annulus rotor with spokes as a function
of rotational speed generated using FEA. A theoretical prediction using the equations
derived in Section 4.3.1 with NdFeB as the permanent magnet material is also shown
for comparison. Nominal geometrical parameters used are found in Table 2.1.
annuls with spokes configuration, this improvement is significant because the failure
probability of brittle materials is exponentially dependent on the stress, as explained
in Section 4.2.2. At the same time, the load transfer from the magnets into the back
iron is acceptable since the yield strength of NiFe is 730 MPa.
Similar to the graphs generated for the full-annulus rotor, Fig. 4-18 shows the
axial and radial deformation of the pie-annulus rotor with spokes as a function of
speed. The deformations for the pie-annulus rotor are slightly lower than that for the
full-annulus rotor, but the quantitative analyses performed on the full-annulus rotor
still hold. It is sufficient to note that once again, the axial deformations at the edge
of the thrust bearing and above the outer seal are most worrisome with respect to
rotor stability.
Because the permanent magnet is expected to fail first, it is again useful to examine
the stress distribution inside the magnet and compare it to the full-annulus case shown
in Fig. 4-15. As mentioned earlier, the maximum stress value in the pie-annulus
configuration is about 20 MPa lower than the full-annulus case, but Fig. 4-19 further
shows that the magnetic volume experiencing such stress is less than the full-annulus
rotor. Due to the presence of silicon spokes, the rotor no longer has 0-symmetry, so
1354.5. Application of FEA to Rotordynamics
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Figure 4-18: High-speed deformation of pie-annulus rotor with spokes. Consult Fig. 4-
11 for the rotor locations specified in the chart. Nominal geometrical parameters used
are found in Table 2.1.
for a given radius, the maximum principal stress is not a constant. Instead, if the
magnet is divided in half width-wise, the stress in each half is the mirror image of
the other half. Based on these observations, FEA confirms that the pie-annulus rotor
with spokes is superior to the full-annulus rotor under bonded boundary conditions.
4.5.5 FEA for Pie-Annulus Magnetic Rotor with Locators
Finally, the third candidate configuration - pie-annulus rotor with magnet locators
- is considered using FEA. Two simplifications are used to decrease the required
simulation time. First, the empty regions around the permanent magnets are assumed
to be completely back-filled using solder. Furthermore, similar to the pie-annulus
rotor with spokes, the 50 pm magnet spacers on the inner and outer radii of the
magnet cavity have been removed. Note that the magnet locators extend fully into
the magnet cavity and therefore cuts into the back iron region slightly. The final FEA
mesh of the pie-annulus rotor is shown in Fig. 4-20.
Based on bonded boundaries, the maximum principal stress experienced by various
components of the magnetic rotor was again determined using FEA. Fig. 4-21 shows
the quadratic curves associated with this particular rotor configuration. Comparing
the solder-filled rotor with locators to the pie-annulus rotor analyzed in Section 4.5.4,
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Figure 4-19: Magnet stress in pie-annulus rotor with spokes at 400 krpm. Because of
the presence of spokes, 9-symmetry is lost, and the high stress region is now bounded
by an arc.
one notices that the stress values increase for the silicon housing, permanent magnet,
and back iron. In particular, the brittle magnet experiences an increase of 80 MPa
at 400 krpm, which decreases its probability of survival considerably. If one further
compares the stress levels to the full-annulus rotor, it is apparent that the current
configuration is the least sound mechanically. This is reasonable because solder is
a soft material when compared to the permanent magnet and silicon; its Young's
modulus modulus is approximately 35 MPa and the maximum shear load capacity is
around 28 MPa [36]. As the rotor is accelerated to high speeds, the solder-filled regions
around the magnets cannot effectively carry the radial load from the housing rim,
unlike the silicon spokes in the pie-annulus with spokes configuration. Furthermore,
the solder-filled rotor will bend more in the z-direction since the structural support
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Figure 4-20: ANSYS mesh for the pie-annulus rotor with magnet locators. The mesh
was generated using 0.2 mm elements for the silicon region and 0.1 mm elements for
the permanent magnet, back iron, and solder.
is weakened. As a result, the permanent magnets and back iron not only must carry
the excess radial load but will also experience more bending stress. All this results
in a highly stressed magnetic rotor.
If the electroplating difficulties raised in Section 4.2.3 are resolved, the pie-annulus
rotor with silicon spokes will certainly be the preferred configuration. But there are a
few methods to improve the magnet locator configuration if the silicon spokes cannot
be tolerated. For example, there are novel solders that have better mechanical proper-
ties compared with the typical eutectic Pb3 7Sn 63 solder. In particular, Sn2Ag9.8Bi9.sIn
is quoted with a tensile strength of 106 MPa and is seven times less likely to elon-
gate when compared to Pb3 7Sn 63 solder [36]. Alternatively, if a strong "glue" can be
found, one can separately machine the spokes using silicon and attach the spokes to
the rotor after the back iron plating process is complete.
The radial and axial deformation for the pie-annulus rotor with locators are an-
alyzed using FEA similar to the previous two configurations, and the results are
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Figure 4-21: Maximum principal stress for pie-annulus rotor with locators as a func-
tion of rotational speed generated using FEA. A theoretical prediction using the
equations derived in Section 4.3.1 with NdFeB as the permanent magnet material
is also shown for comparison. Nominal geometrical parameters used are found in
Table 2.1.
shown in Fig. 4-22. As expected, the deformations are worse than the other configu-
rations, again due to the weakened rotor support structure. However, when the two
pie-annulus rotors are compared, one sees that the deformations are similar in value.
Important parameters such as radial expansion increase only slightly, from 2.3 pm to
2.6 /m, when solder is substituted for silicon spokes. Overall, the FEA results are not
alarming, although the labyrinth seal clearance opens up significantly at high speeds,
similar to the full-annulus and pie-annulus with spokes configurations.
4.5.6 Summary of FEA Results
In this section, three potential magnetic rotor configurations - full-annulus, pie-
annulus with spokes, and pie-annulus with locators - were explored with the assis-
tance of FEA. Here, a brief summary of the stress and deformation simulations is
provided so the reader understands the trade-offs that are necessary when picking a
desired configuration. Remember that the comparisons are valid only when bonded
boundary conditions between the rotor components exist. Section 4.6 will examine
the consequences of violating the bonded boundary conditions.
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Figure 4-22: High-speed deformation of pie-annulus rotor with locators. Consult
Fig. 4-11 for the rotor locations specified in the chart. Nominal geometrical parame-
ters used are found in Table 2.1.
Parameter Full Annulus Pie-Annulus Spokes Pie-Annulus Locators
Deform Axial 3.8 pm 3.5 /m 4.3 um
Deform Radial 1.9 pm 1.8 4 m 2.0 pm
Stress Back Iron 132 MPa 138 MPa 199 MPa
Stress Magnet 121 MPa 107 MPa 167 MPa
Stress Silicon 130 MPa 120 MPa 161 MPa
Table 4.3: Summary of FEA results for the three rotor configurations. All stress and
deformation values correspond to an operating speed of 350 krpm and fully-bonded
boundary conditions. Quoted stress values are maximum principal stresses, and the
axial deformations are quoted for the blades.
Structurally speaking, the pie-annulus rotor with spokes provides the best stress
distribution among the silicon housing, permanent magnets, and back iron. Compared
to the full-annulus rotor, the magnet stress is redistributed into the back iron, thereby
increasing the probability of survival for the brittle magnets. At the same time, the
spokes provides bending stiffness so the overall axial and radial deformations are not
compromised. As soon as the spokes are removed and replaced with solder, the rotor
integrity is significantly compromised and both the stress levels and deformations
greatly increase. It is apparent that to reduce stress levels in the magnets, radial
loading from the outer silicon rim should be transmitted to the hub of the rotor
through a material with high Young's modulus and fracture strength.
All three configurations are adequate in terms of rotor deformations. The journal
bearing, thrust bearing, seal, and blade deflection clearances built into the integrated
turbogenerator design allow the rotor to radially expand and axially bend without
causing the rotor to crash. The major concerns during high-speed operation is the
percentage change in thrust bearing clearance due to umbrella mode deflection and
instability caused by the outer seal clearance opening up.
For a summary of the stresses and important deformations of the three rotor
configurations at 350 krpm, refer to Table 4.3. In this table, the maximum principal
stress for each rotor component is quoted. The radial deformation is measured at the
journal bearing sidewall, and the axial deformation is measured at the tip of the rotor
blades.
4.6 Exploring Different Boundary Conditions
Up until now, the three rotor components - silicon housing, back iron, and permanent
magnets - are assumed not to delaminate during high-speed operation. However,
because the permanent magnets are attached to the silicon and electroplated back
iron using solder or epoxy, one must consider the possibility that the attachment
would fail. If the attachment fails, the magnets will slide radially outward and load
the silicon rim, resulting in higher stress and deformation throughout the entire rotor.
It is also possible that the electroplated interface between the back iron and silicon
could fail along with the epoxy, in which case the rotor stress would be even higher.
Another related issue involves the solder-filled region between the permanent magnets
in the pie-annulus with locators configuration. As Appendix D will detail, polishing
the solder flush with the silicon surface without causing damage to the rotor surface
is difficult and time consuming. Therefore, it is useful to consider the effect of having
no support on the sides of the magnets in order to know how fast a solder-less rotor,
where the magnets are glued down to the back iron using epoxy, can spin without
failing. FEA is again used to explore these scenarios.
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Figure 4-23: Magnet stress in full-annulus rotor at 400 krpm when magnet delami-
nation occurs. For this simulation, the bonded boundary condition at the inner and
outer radii of the magnet was disabled, and a no separation boundary condition was
applied between the magnet and back iron.
4.6.1 Delaminated Magnet Boundary Condition
Simulating the delamination condition in FEA involves removing the bonded bound-
ary condition on all three contact faces of the annular magnet, two with the silicon
housing and one with the back iron. An assumption that the magnet does not fly out
from the silicon housing during high-speed operation allows the interface between the
magnets and back iron to be defined as no separation in ANSYS, meaning that a gap
does not develop between these two components. This boundary condition artificially
forces the magnet and back iron to deform in the same way. In reality, a better but
more complicated simulation would allow the back iron and permanent magnet to
deform in the presence of magnetic attraction as the rotor is accelerated.
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Figure 4-24: Comparison of maximum principal stress in silicon for various boundary
conditions. The only geometry whose bonded and unbonded behaviors are similar is
the fully-annulus rotor, since the permanent magnet is able to support itself using
hoop stress.
Fig. 4-23 shows the result of the FEA performed on a full-annulus rotor when the
magnet delaminates. The first thing to notice is that the annular magnet radially
expands and pushes against the outer cavity sidewall, leaving a gap between the
hub of the silicon housing and the magnet. Consequently, high radial and hoop
stress develops within the magnet, and the maximum principal stress is approximately
double the value for a bonded annular magnet. Furthermore, the highly stressed
region in the magnet now extends all the way to the bottom face. These stress values
indicate that the permanent magnet has almost no chance of survival at 400 krpm if
delamination occurs. Deformations in the delaminated rotor are worse as expected,
but by themselves, they will not cause the rotor to crash. For example, the radial
expansion increases from 2.54 ym to 3.06 im.
4.6.2 Fully Delaminated Boundary Condition
Although magnet delamination is serious, a worse scenario encompasses both the
epoxy and the interface between the back iron and silicon failing at the same time.
In this case, the silicon rotor hub will be unable to carry the load of the back iron
and permanent magnet, both of which will slide outward and load the silicon frame.
The most critical parameter here is the maximum principal stress in the silicon frame,
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because the increased load will eventually stress the silicon so much that the outer
rim will break off. Fig. 4-24 shows a plot summarizing the silicon stress for various
rotor geometries under both a fully-bonded and unbonded conditions. The unbonded
condition where both the permanent magnet and back iron delaminates is simulated
in FEA by disabling all contact faces on these two components except the face that
touches the silicon frame, which is given a bonded boundary condition. Note that
the unfilled notation represents the geometrical condition described in Section 4.6.3.
There are a several key messages to take away from the silicon stress plot. Most
importantly, the maximum principal stress in silicon becomes unacceptable at approx-
imately 175 krpm for both the unbonded pie-annulus with spokes and pie-annulus with
locators configurations. This is reflective of the fact that the silicon rim is unable to
take the full load of the magnetic components without assistance from the rotor hub.
It is also useful to note that the full-annulus configuration does not suffer the same
mechanical weakness as the other two configurations because the permanent magnet
is able to carry significant amounts of hoop stress and relieve the silicon frame.
4.6.3 Unfilled Spokes Boundary Condition
In order to explore the situation where the solder-filled spokes are removed, the pie-
annulus rotor with locators geometry is modified. Here, the magnet is assumed not
to delaminate. The FEA results for this boundary condition is shown in Fig. 4-25,
and one can see that at 400 krpm, the peak magnet stress is much higher when
compared to the solder-filled configuration. Without the solder present, the radial
load is redistributed into the magnet, and because the rotor integrity is compromised,
axial bending further increases the magnet stress. As a result, the lack of solder more
than doubles the maximum principal stress in the permanent magnet.
4.7 Summary and Conclusions
Three rotor configurations - full-annulus, pie-annulus with spokes, and pie-annulus
with locators - were explored in this chapter. Of these three choices, the pie-annulus
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Figure 4-25: Magnet stress in pie-annulus rotor without solder at 400 krpm. For
this simulation, bonded boundary conditions were assumed for all contact surface
pairs. Notice that because the radial stress no longer transmits through the solder,
the magnet stress is greatly increased.
with spokes configuration gives the lowest permanent magnet stress. The silicon
spokes allows the radial load to be carried by the silicon hub, thereby relieving the
magnet and back iron from having to carry excess load. At the same time, the spokes
lower the radial and axial deformations. Nonetheless, electroplating concerns outlined
in this chapter mean that spokes cannot be used. Furthermore, rotor balancing
issues preclude the full-annulus configuration from being used. Therefore, by process
of elimination, the integrated turbogenerator device employs the pie-annulus with
locators configuration, which is mechanically the weakest. The author suggests that
further research be done on the back iron electroplating process so the pie-annulus
with spokes configuration can be chosen.
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4. Structural Design and Analysis of Magnetic Rotor
Assuming for a moment that the pie-annulus with spokes configuration is feasible,
there are several key metrics the magnetic rotor must meet in order to approach the
design speed of 360 krpm. First, there must be a secure adhesion between each per-
manent magnet and the rotor hub. Furthermore, the interface between the magnets
and the back iron, as well as that between the back iron and silicon, must withstand
high-speed stresses. Finally, the empty regions between the magnets must be filled
with a material that does not delaminate at 360 krpm.
FEA was used extensively to determine the rotor stress and deformation at high
speeds. To ascertain the validity of FEA, an analytical model for stress and defor-
mation was developed for a simplified magnetic rotor, and the results from the hand
calculations were compared to their FEA counterparts. Because the results compare
favorably, it is assumed that FEA produces adequate results for use in comparing
the various rotor configurations. At the same time, this chapter also provided a brief
review of material characterization and a comparison between brittle and ductile ma-
terial in order to assist the reader in understanding the FEA results. Weibull statistics
was introduced as a mean to compute the probability of failure for a brittle material
given a volume stress profile.
Finally, non-ideal boundary conditions involving magnet delamination as well as
the removal of electroplated fillers were explored briefly using FEA. The results in-
dicate that a strong bond between the inner radius of the magnet and the silicon
housing is desirable in order to keep stress levels and deformations low. When the
magnet delaminates, the magnet stress doubles and will almost certainly cause a
catastrophic rotor failure. Similarly, the removal of solder-fill is undesirable because
the radial load redistributes and increases the magnet stress.
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CHAPTER 5
MAGNETIC ROTOR BALANCING:
ISSUES, ANALYSIS, AND MODELING
Just as your car runs more smoothly and requires less energy to go faster and farther
when the wheels are in perfect alignment, you perform better when your thoughts,
feelings, emotions, goals, and values are in balance.
-Brian Tracy
5.1 Introduction and Motivation
The gas thrust and journal bearings designed in Chapter 3 have been successfully
applied to other silicon MEMS devices, including a turbocharger, turbopump, and
micro bearing rig. However, none of these devices had a non-silicon rotor, as is the
case for the fully-integrated turbogenerator. The use of electroplated NiFe back iron
and drop-in NdFeB permanent magnets present a challenge to rotor balancing since
they introduce additional imbalance beyond those from the silicon fabrication process.
Moreover, the magnets comprise almost half the rotor weight, so it is essential that a
balancing scheme be developed for the magnets to ensure a successful rotor inversion.
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The challenge of understanding and minimizing the drop-in magnet imbalance
is approached from three perspectives. The first involves studying different magnet
cutting techniques and finding one that introduces the minimal geometric and weight
variations. Coupled with this task is the need to rigorously characterize the magnet
dimensions. Following the completion of magnet characterization, the second task is
to develop a magnet insertion protocol, including weight balancing, that averages out
the manufacturing tolerances as much as possible. This is the first time a silicon rotor
in a MEMS device is rigorously balanced prior to assembly and operation. Finally,
methods to further reduce rotor imbalance should be examined, in case the magnet
fabrication variations are too large.
5.1.1 Objectives and Scope of Chapter
This chapter serves as a road map starting from permanent magnet manufacturing
and ending with a carefully balanced magnetic rotor that can achieve supercritical
speeds. As described in the introduction of this chapter, the goal is to minimize the
amount of imbalance one begins with and apply various methods to further reduce
the imbalance as necessary. The important issues examined in this chapter include
the following.
1. Reviewing the maximum imbalance to allow the magnetic rotor to operate sta-
bly in the supercritical regime. This is discussed in Section 5.2.
2. Understanding the source of rotor imbalance and determining the best magnet
cutting procedure to minimize geometrical and weight variations. Section 5.3
covers this topic in detail.
3. Developing a computer program to model the magnet imbalance and statisti-
cally determining how manufacturing variations affect the overall rotor imbal-
ance using the Monte Carlo method. The program is discussed in Section 5.4
and the MATLAB code is given in Appendix A.
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4. Developing a computer imaging analysis procedure to digitally determine the
geometric parameters of the magnet pieces. See Section 5.4.3.
5. Devising ways to reduce the rotor imbalance, including the use of an insertion
protocol and solder-filling the empty spaces around the magnets. This forms
the basis of Section 5.5.
6. Calculating how much imbalance can be offset using a last resort method of
laser ablation. See Section 5.7 for details.
5.1.2 Chapter Organization
The chapter begins by examining how rotor imbalance affects the distance-to-contact
during transcritical operation and the stability boundary at high speeds. Once the
maximum allowable imbalance is characterized, the amount of imbalance contributed
by the silicon fabrication and magnet cutting process is characterized individually.
Following this discussion, the focus shifts exclusively to the magnets. A computer-
assisted method of determining the geometric parameters of pie piece magnets is
outlined, and this is followed by various methods that can reduce imbalance caused
by the magnets. At the end of the chapter, laser ablation of blades, as well as methods
to balance rotor features such as the speed bump, is explored.
5.2 Review of Balance Requirements
As Chapter 3 alluded to, low rotor imbalance, defined as the distance between the
geometric center and the center of mass, is critical to the operation of the fully-
integrated turbogenerator. If the rotor could only operate subcritically, the output
power generated would be minuscule. In previous chapters, the maximum imbalance
was quoted as 5-6 pm, but these values were not fully explained. To justify the
imbalance limit, the effect that imbalance has on the ability for the rotor to cross
the journal bearing natural frequency and remain stable at high speeds is now de-
scribed. Fig. 5-1 shows the normalized distance-to-contact of a magnetic rotor as a
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Figure 5-1: Normalized distance-to-contact of magnetic rotor as a function of rotor
imbalance and journal bearing width. This chart is generated for a journal bearing
Ap = 0.5 psi, and the color of the contour denotes how close the rotor comes near the
bearing sidewall during transcritical operation. (Courtesy of Chiang Juay Teo [45])
function of rotor imbalance and journal bearing width when the differential pressure
Ap across the bearing is set at 0.5 psi. The color of the contours denotes how close
the rotor comes near the bearing sidewall during transcritical operation. As the jour-
nal bearing clearance increases, the bearing damping ratio decreases, meaning that
the transcritical radial excursion is increased for a given rotor imbalance. Therefore,
the distance-to-contact decreases with increasing bearing clearance. Similarly, for a
fixed clearance, a larger imbalance increases the transcritical radial excursion, which
also decreases the distance-to-contact. Following the contours along the 30 pm clear-
ance line vertically, one sees that 5.5 ym is the imbalance that brings the normalized
distance-to-contact below 1, indicating a rotor crash.
Fig. 5-2, which shows the rotor stability boundary as a function of imbalance and
journal bearing clearance, provides a second justification of why low imbalance is
desirable. Looking at this design chart, one sees that for all journal bearing widths
shown, an increased imbalance lowers the stability boundary. This is discussed in
!
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Figure 5-2: Stability boundary of magnetic rotor as a function of rotor imbalanace
and journal bearing width. A larger imbalance corresponds to a decreased stability
boundary. Note that the plot for a journal bearing width of 30 /Lm is not shown but
can be inferred from the other curves. (Courtesy of Chiang Juay Teo [45])
great details by Liu [27], but an intuitive way to understand this relationship is
that the rotor precession due to imbalance is superimposed on top of whirling about
the bearing center at the onset of instability. To generate 10 W of output power,
the magnetic rotor must spin at 360 krpm. Although this speed can be met for all
bearing widths greater than 20 pm even if the rotor imbalance is 8-9 pm, the rotor
imbalance should be minimized to increase the built-in safety margin. This ensures
that the rotor does not crash at high speeds and destroy the turbogenerator die.
5.3 Impact of Fabrication on Rotor Balancing
Given that the rotor must be well balanced, it is instructive to understand the sources
of imbalance. For the magnetic rotor, most of the imbalance comes from the silicon
fabrication process as well as the placement of magnets in the rotor. This section
examines these two sources of imbalance in detail.
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5.3.1 Silicon Fabrication
Looking at Fig. 2-2, the magnetic rotor is fabricated from three silicon wafers. Layer
3A forms the rotor blades and forward thrust bearing pad, Layer 3B forms the back
iron cavity, and Layer 3C forms the remaining cavity space used for permanent mag-
net insertion. The complete fabrication process is described in Chapter 6, but for
now, note that mask misalignments during the photolithography process translate
to misalignments between the turbomachinery, magnet cavity, and journal bearing
clearance. The most critical alignment is between the cavity and the journal bearing
clearance because an off-centered cavity results in off-centered permanent magnets.
Due to their mass, the misaligned magnets will create significant imbalance. There-
fore, the fabrication process is designed to prevent this misalignment. Nonetheless,
it is difficult to apply the same concept to the turbomachinery because the blades
are not defined simultaneously with the cavity and bearing clearance, as discussed in
Chapter 6. Based on past rotor fabrication experience [46], the blade offset from the
rotor geometric center is 1-2 pm. However, the blade mass is approximately 5-10%
of the total rotor mass, so the blades only contribute on the order of 0.1 pm to the
rotor imbalance.
5.3.2 Magnet Cutting and Fabrication
As explained many times in this thesis, the magnet cutting procedure is important
and must result in a set of eight magnet sectors that can be balanced using proce-
dures outlined in this chapter. Three technologies for cutting - waterjet machining,
electrical discharge machining, and laser machining - were considered as possible
candidates, and each is described more fully in Section 6.4.4. Although laser machin-
ing is ultimately chosen, all three processes introduce geometric and weight variations.
Two approaches to the magnet cutting process exist. The first involves cutting an
annular magnet into eight magnet pieces as equally as possible. This method forms the
basis of the imbalance model described in Section 5.4. The advantage associated with
this approach is that the inner and outer radii of each magnet piece are guaranteed
152
5.3. Impact of Fabrication on Rotor Balancing 153
Figure 5-3: Potential variations during a magnet cutting process. Variations that
occur near the outer edge contributes more to the imbalance than those occurring on
the inner edge. (Courtesy of Keithan Hillman, CAU)
to be the same as long as the original annulus is truly circular. However, because
the annulus does not have a well-defined center, it is difficult to generate cuts that
go through the geometric center, meaning that geometric variations may be large.
Not only does this introduce imbalance, it can also make insertion into the cavity
impossible.
The second magnet cutting approach calls for the pieces to be fabricated from a
sheet material by having a machine trace out the pie pieces directly. This method
eliminates the need to determine a center point because each piece is referenced with
respect to the entry point of the cut. In theory, this reduces geometric variations.
However, at the end of each cut, the magnet piece will begin to move if it is not held
in place, and an undesired "dog ear," as shown in Fig. 5-3, results. Another drawback
of this approach is that the inner and outer radii of the magnet pieces are may vary
from piece to piece.
There are several undesired machining variations that can result from the cutting
process. Referring to Fig. 5-3, the most critical variations are the roughened edges
and poor are formations because they can affect insertion if severe enough. Dog ears,
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which form at the end point of a cut for pieces machined from a sheet material,
should also be minimized because they can cock the magnets into different positions
depending on their size and shape. This increases the difficulty of rotor balancing.
5.4 Modeling the Imbalance
In order to minimize the imbalance caused by the magnets, a reasonable model for
determining the imbalance introduced by magnet manufacturing variations must be
determined. Because the initial magnet cutting strategy involved cutting an annular
magnet into eight sectors as equally as possible, the imbalance model described below
is based on this approach. Specifically, the model uses three geometric parameters --
the inner and outer radii of the original annular magnet together with the cut gap
g (see Fig. 5-4) - as the basis for calculating the center of mass for each magnet
piece. The author notes that there are simpler models available [15] that give similar
results.
Fig. 5-4 shows one magnet piece, shaded with lines, cut from an annular magnet
with inner radius rin and outer radius rou,,t. It is assumed that magnetic material is
removed during the cutting process, and this cut width is denoted as g. To simplify
the mathematical analysis, half of the cut width is placed on the left side of the
magnet, and the remaining half is placed on the right side, as shown in the diagram.
The center of mass for the resulting magnet piece is denoted as (Xcm,Ycm) in the figure,
and its location is marked with a square. An assumption is made that g is sufficiently
small so the magnet sectors form another annulus when pieced together. The new
annulus is defined by new inner and outer radlii ldenoted ri* and rout respectively. In
reality, the inner and outer edges of the magnet pieces will not line up exactly due
to the cutting process. Fig. 5-4 also defines a parameter r*, which is the distance
between the center of the original annulus to the new annulus formed by the magnet
pieces. With these definitions and( some geometry (derivations,
3- g (2 + 2)1/2
r =gcos + 2tan 2.613g . (5.1)
8
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Figure 5-4: Geometric definitions used for calculating the magnet imbalance. Note
that the cut gap g is assumed to be equal on both sides of the magnet, and g is
assumed to be small so the magnet pieces form a smaller annular ring when pieced
back together.
Also from the diagram,
rin = rin - r* rout = rout - r* (5.2)
For a circular region divided into differential masses dm, the center of mass is defined
f r cos 0 dm
M
fr sin 0 dmYcm = MM
where dm = prdrdO and M represents the total mass of the shape. Applying this
definition to the magnet piece,
S 4V-r*3 - r*3X ru t -- in
em 3 1 r out - rin2u 
i
8 - 4V2 r/o - r3c -m-3 ro ut - iinYCM r *2 ,*23 rout - in (5.4)
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Figure 5-5: Screen shot of MATLAB program used for modeling magnet imbalance.
The program allows the user to manually type in geometric and weight data for each
magnet and obtain the overall eccentricity, or imbalance, of the rotor. Furthermore,
a user can specify various manufacturing variations for the magnets and conduct a
Monte Carlo experiment in order to obtain statistical data on the imbalance.
Note that Xcm and Ycm are referenced with respect to the center of the magnet piece
annulus and not the original uncut annulus. Also, because Eq. (5.4) is calculated by
sweeping the integral in Eq. (5.3) from 0 = 0 to 0 = r/4, the results are applicable
only to the magnet piece shaded in Fig. 5-4. As a sanity check, Xzm > Yom, which is
reasonable. It is useful to convert Xim and y m into Xcm and ycm, and the result is
7m
XCm =- Xcm + * COS - ,8
cm m n
Ycm =Ycm + sin-8
Once again, it is important to note that Eq. (5.5) is only applicable to the particular
magnet piece shown in the diagram and must be modified when applied to other
pieces.
Based on this model, the author developed a computer simulation program in
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MATLAB (see Appendix A), and the graphic user interface is shown in Fig. 5-5. If
the user manually measures the geometric parameters for each magnet pieces, the
data can be entered on the left panel together with the density and thickness of the
magnet pieces. Upon hitting compute on the right panel, the overall rotor imbalance
is displayed in the eccentricity field. The program also allows the user to input typical
manufacturing variations for the magnets on the lower right panel and perform Monte
Carlo experiments in order to understand the statistical properties of the imbalance.
This is described more fully in Section 5.4.2.
5.4.1 Bounding the Imbalance
Now that a model is available for calculating the rotor imbalance, it is useful to find a
bound for the magnet imbalance given specific geometric variations. For this exercise,
only electrical discharge machining and laser machining magnet pieces are considered
because the waterjet method cannot reliably generate a large number of well-balanced
pieces, as Section 6.4.4 will show. In particular, pieces disappear into the water tank
after being cut, and the pieces that remain are heavily contaminated with cutting
abrasives.
First consider a set of permanent magnet pieces made by electrical discharge
machining at CAU. Using the computer imaging analysis described in Section 5.4.3,
the variations of the inner and outer radii can be deduced. In the worst case, the
inner radius can be smaller than the design value by 280 pm or larger than the
design value by 235 ym, giving a maximum inner radius excursion of approximately
±258 Mm. Using the inner radius variation in the MATLAB imbalance simulator gives
an eccentricity of 42 jm if the magnets are located radially outward (see Section 5.5.1)
and placed in a random order into the rotor cavities. On the other hand, the outer
radius can be smaller than the design value by 408 pm or larger than the design value
by 148 /im, giving a maximum outer radius excursion of approximately ±278 pm.
Again using the imbalance simulator, the maximum eccentricity resulting from a
located but random placement is 200 jm. These eccentricities are unacceptable if
supercritical operation of the rotor is desired.
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The same analysis can be repeated for magnet pieces made using laser machining
at GIT. A set of nine magnets has a maximum excursion of approximately ±111 pm
for the inner radius and approximately ±136 pm for the outer radius. Using just
the inner radius excursion in the imbalance program, the worst case eccentricity for
a located but random placement is 19 im. Similarly, the worst case eccentricity for
just the outer radius excursion is 71 pm. Again, these values are much larger than
the acceptable imbalance range of 3-4 jm for the magnet insertion process.
5.4.2 Analysis using Monte Carlo Method
As described in Section 5.4, Monte Carlo experiments can be performed using the
imbalance calculator developed using MATLAB. Monte Carlo experiments are use-
ful for rotor imbalance analysis because magnet machining variations are naturally a
statistical quantity - there is a standard deviation value associated with each geo-
metric parameter. Therefore, it is important to gauge the average imbalance created
by variations in the inner radius, outer radius, and cut gap using a standard normal
distribution of the variations.
Fig. 5-6 shows the result of applying the Monte Carlo method to rotor imbal-
ance given certain variations in the magnet geometry and assuming that all magnets
are pushed to the outer edge of the rotor cavity. For Fig. 5-6(a)-5-6(c), the maxi-
mum variation is assumed to be ±50 pm, and it is also assumed that the spread of
100 pm is approximately covered by 6a where a denotes a standard deviation. Under
these assumptions, the average imbalance introduced by the inner radius variations
is 2.78 pm. Similarly, outer radius and cut gap variations introduce 10.02 pm and
18.07 pm imbalance on average, respectively. When all three variations are combined,
the resulting imbalance is 21.86 pm on average. Notice that the inner radius varia-
tions are much less important than the outer radius variations because they are closer
to the center of the magnetic rotor. It is also important to realize that the bulk of
the combined imbalance arises from variations in the cut gap, so if the magnet pieces
are machined from an annular ring, the cuts must go through the center of the ring
as closely as possible.
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Figure 5-6: Analysis of magnet imbalance using Monte Carlo Method. Notice that
the impact of outer radius and cut gap variations are greater than the impact of inner
radius variations. For these plots, the magnets are assumed to be pushed to the outer
edge of the rotor cavity.
5.4.3 Computer Imaging Analysis
Although the geometric parameters required to compute the imbalance contribution
from the permanent magnets can be determined directly using an SEM, it is useful to
have another method in hand so the results can be corroborated. Ehrich developed
a digital imaging method of finding the necessary parameters by analyzing either
an optical or electron microscope image using Adobe Photoshop and fitting a set of
curves to the magnet in the image [15]. Referencing the scale bar or another object
in the image, the geometric parameters of the magnet can be extracted.
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Figure 5-7: Screen shot from computer imaging analysis of magnet piece. The fitted
curves are shown in purple, and they allow the "center" of the magnet to be located.
Note that the fit is not perfect, partly due to manufacturing errors and the perspective
from which the image was taken.
To begin the imaging process, the raw microscope picture is first adjusted in
Adobe Photoshop until they are approximately the same size and shape as a reference
magnet piece. During the scaling and stretching process, the scale bar or reference
object undergoes the same transformation, so the geometric information is preserved.
Once the initial adjustment is complete, four curves - two lines and two arcs - are
fitted to the image as best as possible. The two lines correspond to the two edges,
and the arcs are fitted to the inner and outer radii.
5.5 Methods for Reducing Imbalance
Given the statistical spread of magnet weight and dimensions in all magnet cutting
procedures, it is important to have methods to minimize the rotor imbalance and
allow supercritical operation of the magnetic rotor. The main goal is to achieve a
uniform magnet insertion where all magnets are located to the same radial position.
Ideally, the outer edge of all magnets should be fixed at the same radial position
to allow manufacturing variations to show up near the center of the rotor, thereby
160
5.5. Methods for Reducing Imbalance 161
I
14
12
10
0=19.41 pm
N =100
Hi,, 1 50 jm
R.,, : 50 Ipm
G,,, I t 50 pm1..,
0.06 0.08 0.1
Eccentricity (mm) Eccentricity (mm)
(a) Random placement (b) Located in cavity
Figure 5-8: Rotor imbalance for different magnet placement strategy. Fig. 5-8(a)
corresponds to the case where the magnets are randomly placed inside the cavity
while Fig. 5-8(b) corresponds to the case where all the magnets are flush against the
outer radially-constraining locators.
reducing the imbalance they contribute. This concept is demonstrated in Fig. 5-
8, where eight magnets, each with a random manufacturing variation of ±50 jPm
on the inner radius, outer radius, and sides, are placed into the rotor cavity either
randomly or located at the outer cavity edge. Based on a Monte Carlo simulation with
one hundred data points, one finds that a random placement results in an average
imbalance of 27.39 pm while locating the magnets at the outer cavity edge gives
an average imbalance of 19.41 jm. The latter method is superior and reduces the
imbalance by almost one-third. Note that the location of the magnets at the outer
cavity edge is possible because of radially-constraining magnet locators designed into
the rotor. This feature is described more fully in Section 5.5.1.
If a uniform magnet insertion does not reduce the rotor imbalance sufficiently,
another method is available. To achieve further imbalance reduction, the empty
spaces around the magnets can be filled with a material having similar density as
the magnets. In the case that the filler material is exactly the same density as the
permanent magnets, the resulting rotor imbalance will be effectively reduced to zero
no matter how poorly the magnets are manufactured or inserted. This is described
more fully in Section 5.5.3.
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Figure 5-9: Schematic rendering of radially-constraining magnet locators positioned
in both the inner and outer radius. The longer, wider beams next to these radially-
constraining locators are used to prevent movement of the magnets in the angular
direction.
5.5.1 Radially-Constraining Magnet Locators
To allow the outer edge of the permanent magnets, which are cut smaller than the
rotor cavity to factor in manufacturing variations in the inner and outer radii, to be
seated at a uniform distance from the center of the rotor, two radially-constraining
magnet locators, shown in Fig. 5-9, are present at the outer radii of the rotor cavity.
These protrusions, approximately 50 ym in length, serve as point contacts to the
outer edge of the magnets and prevents two rough faces - the faces of the cavity and
permanent magnet - from contacting. Although it is best to locate all the magnets
at the outer cavity edge so all manufacturing variations appear near the center of the
rotor, the magnet pieces attract one another, so radially-constraining magnet locators
are also positioned on the inner edge if it is desirable to locate the magnets on that
edge. However, placement of magnets at the inner edge will result in a larger rotor
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Figure 5-10: Two types of magnet placements when they are located at the outer
edge of the rotor cavity. Fig. 5-10(a) is an approximation to the exact solution shown
in Fig. 5-10(b).
imbalance because the geometric variations are further from the center.
The radially-constraining magnet locators also serve the purpose of spacers, guar-
anteeing space between the magnets and silicon wall in case a filler material needs to
be placed into the rotor. This space is desirable because it allows the filler material
to form a bond between the permanent magnet and silicon, thereby increasing the
mechanical robustness of the magnetic rotor. If the magnets make direct contact with
the silicon sidewall, high viscosity filler materials will likely produce voids along the
contact regions, which serve as crack initiation points during high-speed operation.
Because of the presence of radially-constraining magnet locators, Fig. 5-8 deserves
further analysis. In the MATLAB code used to generate the Monte Carlo graphs,
locating the magnets to the outer cavity edge involves two steps. First, the cen-
ter of mass for each magnet is calculated with statistical variations of its geometric
parameters taken into account, and during this step, the magnet is assumed to be
"unlocated" and centered within the cavity. Then, to locate the magnets, each center
of mass is shifted in the x- and y-coordinates until the outer edge of the magnet is flush
against the silicon cavity. If one assumes that the located condition happens when
the magnet makes a single point contact with the silicon, as shown in Fig. 5-10(a),
the center of mass simply shifts
=1 = Rom - rom (5.6)
where 61 is the amount shifted, Rom is the outer radius of the cavity, and rom is the
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outer radius of each magnet. In reality, however, the magnets are already located
before they contact the cavity sidewall since they are flush as soon as they touch the
radially-constraining locators, as shown in Fig. 5-10(b). In this case, the second step
of the code becomes much more complicated to compute, and a numerical relationship
is necessary. Based on the rotor geometry specified ill Table 2.1, the exact solution
results in the center of mass shifting by
62 = Rom - rom + (0.000316rm - 0.00471rom + 0.0158) . (5.7)
Given that 62 is more complicated to understand, it is useful to gauge the magni-
tude of Rerror in Fig. 5-10 in order to assess whether using 61 is sufficiently accurate.
Fig. 5-11 shows a plot of Re,,rror - the difference between 61 and 62 - as a function
of the magnet outer radius. If the manufacturing tolerance of the permanent magnet
outer radius is ±200 ym or less, the plot shows that the translation error resulting
from using 61 is smaller than 0.3 pm. Given that the maximum imbalance bound on
the magnetic rotor is approximately 5-6 ,m, this error is acceptable, and 61 may be
used.
5.5.2 Protocol for Magnet Insertion
From the discussion in Section 5.5.1, it is apparent that the radial placement of
each magnet is important in order to reduce imbalance. Because the magnets tend
to attract each other and pull inward, the insertion process should begin with an
adhesive being painted on the bottom of the rotor cavity so each magnet can be fixed
in place before the next magnet is inserted. A wide variety of options are available,
ranging from fast setting cyanoacrylate (super glue) to slower curing epoxies. If an
adhesive is used, the shear strength should be compared to the stress levels reported
in Chapter 4 to ensure that the bond does not break during high-speed operations.
One should also ensure that the adhesive does not overflow from the rotor cavity.
Another important protocol during magnet insertion is that the arrangement of
the magnet pieces should give the lowest possible imbalance. In other words, if the
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Figure 5-11: Radial translational error resulting from single contact approximation.
From this plot, the difference between 61 and 62 is smaller than 0.3 Ym if the variation
in the magnet outer radius is less than 200 pm.
eight cavity positions are labeled either clockwise or counterclockwise as P1 through
Ps and the magnet pieces are denoted as M1 through M8, there is a unique P-M
matching that minimizes imbalance. Ehrich developed a computer script that takes
the result of the computer imaging analysis, discussed in Section 5.4.3, together with
the weight of the magnet pieces and tries all possible arrangements of the pieces until
the best insertion order is found [15]. By weighing the magnets, using the script, and
arranging the magnets according to the result from the script, a well-balanced rotor
is always possible. This script has been applied to numerous sets of magnet pieces
machined at GIT and CAU. It is useful to note that most of the magnet imbalance can
be eliminated by placing pairs of similarly weighted pieces diametrically, so balancing
is possible even if one does not use the script.
5.5.3 Solder-Fill Method
If the magnet insertion protocol described in Section 5.5.2 still does not result in a
well-balanced rotor capable of achieving supercritical speeds, solder-filling around the
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Figure 5-12: Effect of solder-fill on magnetic rotor imbalance. The use of solder to
fill all the crevices around the magnets reduces the overall imbalance by a factor of
ten. For these plots, the density of magnet is assumed to be 7400 kg/m3 while the
density of solder is assumed to be 8520 kg/m".
magnets can further reduce the imbalance. The precise method of filling a rotor with
solder and polishing the protrusion back flush with the silicon surface is discussed
in Appendix D.3, so this section focuses on the effect of the fill. To understand
how solder-filling works, first consider an idealized scenario where the solder has
the same density as the permanent magnets, around 7400 kg/m 3 for NdFeB. By
placing all magnets, each with geometrical variations due to manufacturing tolerances,
into the cavity and filling all the empty spaces with solder, the location where the
magnets are placed becomes irrelevant to the rotor imbalance. In fact, if the silicon
fabrication process was perfect, the rotor imbalance would be zero in all cases. In
reality, the solder density does not match the permanent magnet density exactly, so
the imbalance cannot be reduced to zero. However, by choosing a similar density
solder, the imbalance is greatly reduced.
Fig. 5-12 shows two simulations performed using magnets with ±50 Jim variations
on the inner radius, outer radius, and sides. In this diagram, Fig. 5-12(a) represents
a rotor that is not filled with solder, and Fig. 5-12(b) represents a rotor filled with a
solder. For these simulations, the magnets are assumed to be NdFeB with a density
of 7400 kg/m 3 and the solder is assumed to be Sn 60Pb 40 with a density of 8520 kg/m3 .
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Figure 5-13: Asymmetric speed bump for optical speed sensing. The added asym-
metry allows one to determine the magnitude and phase of the rotor imbalance and
offers the possibility of correcting such imbalance through laser ablation. A sample
balanced rotor identification is shown at the center of the diagram.
It is apparent that the solder-fill procedure reduces the average rotor imbalance from
21.9 pm to 2.22 jm, which is almost a factor of ten. Therefore, for very poorly
balanced sets of magnets, solder-filling is an essential tool to achieve supercritical
operation.
5.6 Balancing the Rotor ID and Speed Bump
Although the speed bump, which serves both as an optical feature for speed sensing
as well as the forward thrust bearing pad of the rotor, constitutes only a small portion
of the overall rotor mass, it is nonetheless important to ensure that its design does
not introduce additional imbalance. The same requirement is applied to the rotor
identification marks - shallow patterns etched onto the surface of the rotor so they
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can be individually identified once released from the wafer. Fig. 5-13 shows a 2-D
view of the speed bump, surrounded by rotor blades for size reference, and a sample
rotor identification situated at the center. The speed bumnp, shown in red, is formed
from six tabs, two of which have a thin slot cut into them. As the speed bumps
pass by a fiber optic sensor, a signal is generated, and the waveform will be slightly
different for the slotted bumps. The two slots have different widths to assist the
location of imbalance, so if the slot lengths were the same, a radial imbalance would
be generated. Hence, notice in Fig. 5-13 that the slot associated with a smaller width
is cut to a radial distance of 1.8 mm while the other slot is only cut to 2.0 mm. These
lengths result in a perfectly balanced speed bump.
The same concept of radial balancing is applied to the rotor identification marks.
which are shown in blue in Fig. 5-13. These two blue curves form the boundary of the
identification, with the outer pattern representing the row count and the inner pattern
representing the column count on the device mask. For example, the sample pattern
indicates that this rotor is from the fifth row and fourth column. As is apparent from
the sample pattern, symmetry is built into the identification mark so they do not
contribute to imbalance.
5.7 The Last Resort: Blade Ablation
Although the magnetic rotor is designed to be well-balanced, there may be occasions
when the rotor imbalance is still too large after all balancing procedures are applied.
To allow these rotors to achieve supercritical speeds, it is possible to pinpoint the
source of imbalance and correct it by either adding or subtracting material from
the rotor. Of the two, material subtraction is preferred because added material will
possibly delaminate during high-speed operations. In particular, because the silicon
turbomachinery is not sensitive to one or two missing blades, it is possible to cor-
rect excess radial imbalance by partially or fully removing a rotor blade using laser
ablation. Fig. 5-14 shows a magnetic rotor with a blade, approximately 0.53 mg, com-
pletely removed. By eliminating a blade, the rotor's center of gravity shifts 5.1 pm
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Figure 5-14: Schematic rendering of magnetic rotor after blade ablation. Completely
removing one silicon blade results in the rotor's center of gravity shifting 5.1 pm
radially.
radially away from the removed blade, so if the original rotor had an imbalance in
the direction of the blade, this imbalance is reduced. Note that given the limited
movement in the center of gravity, it is undesirable to have an original imbalance
greater than 10 jim since more than two blades would have to be removed.
5.8 Summary and Conclusions
Rotor imbalance is caused by both the silicon fabrication process as well as the mag-
net cutting and insertion process, and this chapter examined both processes in great
details. Based on the requirement of operating the microturbogenerator in the super-
critical domain and keeping the rotor stable at high speeds, the total rotor imbalance
cannot exceed 5-6 jpm. Out of this net imbalance, silicon fabrication accounts for
1-2 pm of imbalance, leaving 3-4 pm of imbalance for the magnets. A numerical
model was developed to quantify the imbalance contributed by variations in the mag-
net machining process and it was shown through a set of Monte Carlo experiments
that variations of the outer magnetic radius and cut gap have the most impact on
imbalance. The model also showed that the worst case imbalance resulting from these
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variations can be orders of magnitude higher than the maximum allowable imbalance.
To decrease the overall magnetic imbalance, three strategies were devised. All
three strategies rely on geometric and weight data of individual magnet pieces ob-
tained by running photos of the magnets through a computer imaging analysis. The
first strategy involves the construction of radially-constraining magnet locators on
the inner and outer radii of the rotor cavity in order to position the magnets at
a similar radial distance from the center of the rotor. In conjunction with the first
strategy, Ehrich devised a way to systematically order the magnets so they contribute
as little imbalance as possible. Finally, if the previous two methods cannot decrease
the imbalance sufficiently, the rotor can be solder-filled, which will further reduce the
imbalance by a factor of ten.
Based on experience obtained through experimental testing of magnetic rotors in
Chapter 7 and Chapter 8, a simple protocol of weighing the magnets and inserting
them into the cavities according to the script developed by Ehrich works best. This
method works as long as the original geometric variations of the magnets are not
excessive. However, one needs to make sure that each magnet is pushed into the
outer right-hand corner of the cavity before being glued to ensure that the minimum
balance is achieved.
Additional topics related to rotor balancing were covered at the end of the chapter.
This included a brief discussion on how the speed bumps, necessary for optical speed
detection, can be designed so they do not contribute to the rotor imbalance even
though they contain asymmetric features. Also, the procedure of laser ablating the
silicon turbomachinery was examined as the last resort balancing technique. However,
because each silicon blade only shifts the center of mass by 5 pm, laser ablation cannot
be applied to rotors with more than 10 ym of imbalance.
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CHAPTER 6
FABRICATION: PATHWAY TO
ACHIEVING COMPATIBILITY
What counts in making a happy marriage is not so much how compatible you are, but
how you deal with incompatibility.
-George Levinger
6.1 Introduction and Motivation
The silicon and magnetic components required by the microturbogenerator do not
lend themselves naturally to integration in a fabrication process flow. Most of the
compatibility issues occur because the silicon and magnetic component fabrication
process flows have been developed independently in the past without regards to the
limitations and caveats of one another. Furthermore, the achieved precision for these
two processes are different. For example, the surface windings, designed by Arnold et
al. [2] at GIT and critical to power extraction from the generator, require SU-8 as a
high aspect ratio molding material, but SU-8 is not allowed in silicon etchers, including
the STS DRIE required for uniform journal bearing etching, at MIT. Similarly, the
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microengine group at MIT traditionally uses fusion bonding on all wafers to achieve
high strength interfacial bonds, but the process requires a temperature around 700-
1000 "C for approximately one hour, which can cause magnet demagnetization.
To resolve these incompatibilities, new and creative fabrication techniques are re-
quired, which unfortunately makes the already complicated MIT microengine process
flow even more challenging. Novel assembly methods such as the drop-in technique
allow the silicon and non-silicon components to remain separated until the last mo-
ment. This challenge is amplified because a set of seven silicon wafers fit only five
device dies. The large die size means that even one defect on any of the seven wafers
can decrease the yield by 20%. Extreme care must be taken from start to finish to
ensure that there are usable dies for testing.
6.1.1 Objectives and Scope of Chapter
This chapter provides insight on the new fabrication techniques developed at both
MIT and GIT in order to cope with the daunting task of integrating silicon with
magnetics and surface windings. Specifically, the chapter has the following objectives.
1. Detail novel fabrication techniques and methodologies required to achieve com-
patibility between all components and obtain full integration. The array of new
techniques are shown in Section 6.2-6.4.
2. Show how the novel fabrication techniques are used to fabricate a heavy bearing
rig die. The die, which is similar to the final turbogenerator die, does not contain
the laminated stator core and surface windings and will be used to verify that
the gas bearings can properly support a heavy magnetic rotor. See Section 6.5
for details and Appendix B for step-by-step cross-sectional views.
3. Describe the solder-fill process referenced in Section 5.5.3 used for reducing rotor
imbalance. This process, described in Appendix D.3, can be used to construct
a magnet-less heavy rotor if properly optimized.
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4. Describe the process flow for creating a fully-integrated microturbogenerator
die. The discussion focuses on the lower half of the die since the top half is
identical to the heavy bearing rig. See Section 6.6 for details and Appendix B
for step-by-step cross-sectional views.
5. Detail the package designs for the heavy bearing rig and microturbogenerator.
Section 6.7 covers this topic in detail.
6.1.2 Chapter Organization
The first part of the chapter covers new fabrication techniques developed specifi-
cally for the integrated turbogenerator, including low-temperature die-level bonding,
drop-in surface windings, and deep NiFe electroplating for the laminated stator core.
Following this discussion, the complete fabrication process, as well as difficulties en-
countered, for the heavy bearing rig and turbogenerator devices is described, in that
order. Finally, packaging strategy and design are discussed for both devices.
6.2 Ultra-Deep Etching of Journal Bearing
Based on the bearing analysis performed in Chapter 3, the journal bearing supporting
a magnetic rotor must be 900 ,m deep and 30 ynm wide in order to obtain sufficient
radial stiffness and high-speed stability. This represents the deepest journal bearing
etch performed to date at MIT, and insuring that the journal bearing sidewalls are
vertical requires significant process development and characterization. To lower the
etch difficulty, a rotor swap-in scheme, described more fully by Teo [46], is used.
Specifically, the targeted journal bearing clearance is 64 ]pm (50 ym as drawn, and
expanding to 64 pm after fabrication, as described below) so the aspect ratio of
depth to width is kept at twenty, which is similar to previous devices fabricated by
Teo. By drawing the journal bearing on the stator and rotor at slightly different radial
locations, however, the effective journal bearing clearance after rotor swap-in becomes
the desired 30 tm. Li [26] performed the majority of the process development for
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etching deep trenches, and the recipe described herein is based heavily on his work.
Note that the journal bearing is etched from one side only in order to prevent any
etch misalignments.
The surface preparation process begins with a 5 Mm deposition of PECVD oxide
that will eventually serve as a mask during the deep silicon etch. On top of the
oxide, 1500 A of low stress nitride is grown, which serves as a mask for pattern
definition in the thick PECVD oxide. Once these two layers are in place, the journal
bearing pattern is transferred using standard photolithography process onto OCG 825
positive photoresist approximately 1 pm thick. The wafer then undergoes 7-8 minutes
of DRIE using the nitride recipe to imprint the journal bearing pattern onto the low
stress nitride. An inspection is performed at this point to ensure the nitride removal
is complete, and the wafer is subsequently dipped into BOE 7:1 for 75 minutes to
further imprint the bearing pattern into oxide. Due to the isotropic nature of BOE,
the oxide is undercut by about 5-7 pm on each side of the pattern, so one must factor
this undercut into the mask design to ensure that the final journal bearing width is
off specification by 10-14 jm. After the BOE etch is complete, the wafer is dipped
into hot phosphoric acid to completely remove the remaining nitride; this ensures
that the overhanging nitride film does not break off during the deep oxide etch and
affect the vertical profile of the bearing. With the nitride film removed, the journal
bearing etch can proceed for as long as necessary using the thick PECVD oxide as
an etch mask. For a graphical description, refer to the cross-sectional views of Level
3 shown in Appendix B.
Fig. 6-1 shows the 1.25 mm witness journal bearing etch performed using the
described recipe. In Fig. 6-1(a), the forward (turbine) side is depicted on the bottom,
and the aft side is depicted on the top. Note that the witness journal bearing is etched
from both sides, with the top 900 jm representing the actual rotor journal bearing
etch and the bottom 350 pim representing the turbine blade halo etch. As such, there
is a kink and a sharp protrusion around 10-20 pm where the two etches meet, visible
in the zoomed-in SEM image shown in Fig. 6-1(b). Fig. 6-1(c) and Fig. 6-1(d) show
that this etch non-uniformity does not occur for the actual rotor journal bearing etch,
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(a) Side view (b) Zoomed side view
(c) Front view (d) Zoomed front view
Figure 6-1: Result of the 1.25 mm witness journal bearing etch. The top 900 Pm
represents the actual rotor journal bearing etch while the remaining 350 tim represents
the turbine blade halo etch. According to Fig. 6-1(a), the rotor journal bearing etch
is bellied, changing from 66 /pm to 78 pm and back to 70 um.
which is performed from a single side only. Looking at the top 900 Pm of the witness
journal bearing etch, the width of the etch changes from 66 pm to 78 pm and back
to 70 pLm, indicating that the actual journal bearing is bellied - narrower at the
ends and wider in the middle. In general, these images indicate that the new etching
recipe results in a relatively straight bearing, although it would be useful to further
refine the recipe to reduce bellying.
According to Liu, a bellied journal bearing behaves similarly to a straight-wall
bearing with the same average clearance [27]. In particular, the high-speed stability
boundary of the journal bearing is not affected by the bowed profile. The main effect
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of the non-ideal profile is that the transcritical process becomes more difficult, but
as Chapter 7 and Chapter 8 show, the silicon rotors can successfully be operated
supercritically, indicating that the fabricated journal bearing profile is acceptable.
As such, the process flow described in this section is viable.
6.3 Low-Temperature Die-Level Bonding
The bonding of the upper and lower turbogenerator dies must be low-temperature, as
discussed briefly in Section 2.4. Generally speaking, bonding methods can be divided
into five categories: direct, field-assisted, eutectic, thermocompression, and adhe-
sive [47]. Direct, or fusion, bonding requires extremely high temperatures - in the
range of 700-1100 oC - to strengthen the weak hydrogen and Van der Waals bonds
that form at room temperature upon wafer contact. On the other hand, field-assisted,
or anodic, bonding usually occurs at lower temperatures, around 300-400 'C. Ther-
mocompression bonding requires even lower temperatures around 100-200 'C because
it uses the synergy between pressure and temperature to strengthen the bond. De-
pending on the material used, eutectic bonding usually occur in the same temperature
range as thermocompression bonding but does not require elevated pressure.
Direct and field-assisted bonding are inmediately eliminated as possible candi-
dates for the fully-integrated turbogenerator because the permanent magnets cannot
withstand high temperatures. Thermocompression bonding is a possibility, but due
to the risk of applying pressure onto delicate devices, it was not explored. Adhesive
bonding was also not considered since it is mechanically weak. This leaves eutectic
bonding as the de facto choice for the integrated generator. The use of eutectic bond-
ing has an additional benefit in allowing the dies to be readily opened and closed
through reheating. This allows multiple rotors to be tested in one stator structure.
6.3.1 Eutectic Material Selection
Eutectic materials are roughly divided into soft and hard types, with materials near
the soft end of the spectrum typically containing Pb and those near the hard end
176
6.3. Low-Temperature Die-Level Bonding 177
(a) Cr-Au composite (b) Cr-Sn-In-Au composite
Figure 6-2: Deposited composite layers on upper and lower halves of the device die.
The method for depositing the materials with a rectangular outer boundary and
circular inner boundary is described in Section 6.3.2.
typically containing Au. Hard solders usually have better mechanical and thermal
properties, but common eutectic combinations such as AuSn, AnGe, and AuSi all have
eutectic temperatures above 280 'C [50], which is still too high for NdFeB magnets.
Even the popular soft solder SnPb typically requires 230 °C for proper eutectic action
and wetting [11]. A softer eutectic material is thus required, and a suitable choice,
as reported by Choe et al., is the multilayer composite solder made from InSn. This
particular solder, whose eutectic composition consists of 51.7 at. % In and 48.3 at. %
Sn, has an eutectic point at 118 'C and a bonding temperature of 140 'C [11], which
can be tolerated by the NdFeB magnets as long as the bonding duration is short.
Choe performs a detailed material analysis showing the interaction of In and Sn
around the eutectic point, and interested readers are referred to the paper by Choe
for more information. Here, the author highlights some key discoveries by Choe
regarding the composite layers because it will be necessary to modify the fabrication
recipe slightly to adapt the eutectic bond for the fully-integrated turbogenerator. The
eutectic composite is deposited in two separate processes, one on each of the silicon
surfaces to be bonded. Cr and Au, in that order, are deposited on the first interface,
with the Cr enhancing the composite layer's adhesion to silicon. For the recipe
proposed by Choe, 30 nm of Cr and 50 nm of Au are used. On the second interface,
Cr, Sn, In, Au are deposited, again in the written order. The Cr is again used for
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enhancing the adhesion while the Au forms a protective outer layer by interacting
with In to form AuIn 2 and preventing the In from oxidizing. Choe uses 30 nm of Cr,
2 /pm of Sn, 2.5 ym of In, and 50 nm of Au for this composite layer, and it is assumed
that the 50 nm of Au fully reacts with 154 nm of In during the formation of AuIn 2.
Because the deposition of composite layers on the bonding interface of the upper
and lower dies acts like a spacer, its thickness must be carefully controlled so the
critical device clearances are not affected. Specifically, this deposition changes the
thrust bearing clearance because it increases the distance between the upper and
lower thrust bearing pads. Adding to the complexity is that the single-sided thrust
bearing clearance is nominally 3 jm, so if the composite layers occupy more than
6 im, it becomes difficult to meet the clearance requirements. Finally, because the
composite materials will be deposited using an e-beam machine, it is preferable that
the thickness of each material be minimized so the deposition time remains reasonable.
Based on these requirements, the recipe used by Choe is modified so 1 pm of Sn and
1.2 pm of In are used instead of the original 2 pm of Sn and 2.5 pm of In. The
resulting bonding surfaces are shown in Fig. 6-2. Although the composition deviates
slightly from the original ratio of Sn to In, experimental verification shows that this
combination forms a sufficiently strong bond.
Characterization of the eutectic bond strength is done using the razor blade inser-
tion test. In this test, a razor blade of known thickness is inserted into the bonding
interface and the crack length, measured from the tip of the blade, is determined
using a microscope. This crack length can then be related to the surface energy y of
the bond by the equation
3 Et 3y2
7= 8  L4 (6.1)8 L4
where E is the Young's modulus of the bulk material, t is the thickness of the wafer,
y is half the razor blade thickness, and L is the measured crack length [31]. Using
a 300 jpm thick razor blade on two sample pairs of silicon wafers 500 Jpm thick,
crack propagations of 20 mm and 17 mm are measured, which translates to a surface
energy of 1.27 J/m 2 and 2.43 J/m 2 respectively. Because of the low bonding energy,
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(a) Surface of lower die (b) Silicon cover piece
Figure 6-3: Cover piece used to mask eutectic material deposition. This piece defines
the inner boundary of the bonding interface.
the presence of surface defects will affect the fracture strength af of the bond. In
particular,
Oaf E , (6.2)
with a being the defect size [43]. By approximating the defect size as a = 5 pm,
af = 120 MPa. This fracture strength is sufficient to withstand the expected gas
pressures applied to the turbogenerator device.
6.3.2 E-Beam Deposition Methodology
Given the material selection described in Section 6.3.1, a method is now described
for controllably depositing the materials onto the silicon surfaces. Note that the
material deposition is performed on a die-level basis instead of the more typical wafer-
level basis in order to minimize the risk of new fabrication techniques inadvertently
destroying entire batches of expensive devices that require long lead times. Also,
e-beam is selected as the deposition method in order to accommodate the wide range
of materials needed to form the composite layers.
The salient challenge during the eutectic deposition is the presence of complicated
surface topographies on the device surface that must remain free of metals. Because
these features are concentrated at the center of the die, the challenge can be solved by
selectively masking the features during deposition. As shown in Fig. 6-3, a circular
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Figure 6-4: Aluminum jig for aligning silicon cover piece. The bottom piece of thejig contains rectangular cavities for seating the upper and lower dies. After securing
the top piece, silicon cover pieces, painted with a small amount of photoresist, are
aligned to the center of the dies using the circular openings and pressed down.
silicon cover piece slightly larger than the extent of the surface features shown in
Fig. 6-3(a) is etched using DRIE from a 550 pm wafer. This silicon cover piece is
compatible with both the upper and lower device dies. Before the e-beam deposition
process, the individual dies are inserted into an aluminum jig, shown in Fig. 6-4,
with their bonding surfaces facing up. Following this, the top piece of the jig, which
contains circular openings as large as the cover pieces, is screwed on. The back of
the silicon cover pieces is lightly brushed with photoresist around the outer edge
using a cotton swab and pressed onto the dies through the circular opening. In
this way, the cover pieces are roughly aligned to the center of the dies and cover all
the critical device features. A short bake lasting 5-10 minutes in the prebake oven
solidifies the bond between the cover piece and the die. The completed dies are then
placed, deposition side facing down, onto another aluminum jig that has a rectangular
opening for definition of the outer deposition boundary shown in Fig. 6-2.
6.3.3 Die-Level Alignment Protocol
Because the silicon wafers are cut into individual upper and lower dies prior to the
eutectic material deposition, final bonding of the two halves must occur on a die-
180
6.3. Low-Temperature Die-Level Bonding 181
(a) Three-point aligner (b) Assembled jig
Figure 6-5: Three-point aligner jig for precise die-level bonding. The critical contact
piece, shown in Fig. 6-5(a), is machined from silicon using DRIE to guarantee the
edge roughness and precision. This contact piece is clamped between two aluminum
holder pieces and touches both the upper and lower dies during bonding. Fig. 6-5(b)
shows the lower die inserted into the jig and aligned to the three-point aligner. A
vertical clamp, not portrayed in the picture, is screwed on after both the upper and
lower dies are inserted to prevent them from misaligning during the bonding process.
level. This presents a challenge because die-level misalignments are typically large
compared to wafer-level bonding, which can be as precise as 2-3 ym if performed
correctly. Severe misalignments can lead to asymmetric journal bearing flows and
rotor tilt due to off-centered thrust bearing pads. To minimize die-level misalignment,
two techniques are used. The first involves the design of a die-level three-point aligner
jig (see Appendix C), portrayed in Fig. 6-5, that contains a silicon three-point contact
piece machined from DRIE. This contact piece, which has minimal edge roughness and
is precisely formed, is pressed against three grooves, seen on the right and bottom
edges of the die in Fig. 6-5(b), also defined by DRIE. Because the grooves on the
top and bottom dies are each aligned to the die features within a photolithography
tolerance of 1-2 /im, the entire alignment process ideally results in a maximum of
4 ,/m misalignment. Note that the die edges are not directly used for alignment
because they are defined by the die saw process, which does not have micron-level
accuracy. The jig assembly begins with the insertion of the silicon contact piece into
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Figure 6-6: Microscope picture of die-level alignment procedure. In this picture, the
three darkened posts are attached to the top die while the lit alignment target is
etched on the bottom die.
two aluminum holders, which are then screwed together. This entire holder structure
is attached to the base plate, and an L-shaped push piece with springs, also shown
in Fig. 6-5(b), is loosely fitted onto the base plate. With the holder and L-shape
attached, the lower and upper dies are inserted and aligned to the silicon contact
piece by tightening the push piece. Finally, a vertical clamping piece containing
springs, not shown in the picture, is secured to hold the aligned dies in place. With
the assembly complete, the entire jig can be placed in an oven or on top of a hot plate
at 140 'C for 2-3 minutes to form a permanent bond.
To ensure that the assembly jig correctly aligned the top and bottom dies, a second
technique is used to verify the die-level misalignment before the bond is finalized. This
alignment verification is carried out by comparing three sets of alignment markers,
visible from the top of the upper die through three etched cavities along the edges
of the die, to alignment targets shallow etched on the surface of the lower die. A
microscope picture showing the alignment procedure in process is shown in Fig. 6-6.
In this picture taken through the etched circular cavity, the three darkened posts,
slightly out of focus, are attached to the top die while the bright alignment target
belongs to the bottom die. Based on this picture, one sees that the alignment in the
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horizontal direction is almost perfect and the vertical alignment requires some work.
By inspecting all three cavities and repositioning the dies in the alignment jig slightly,
alignments as accurate as 8-9 pm can be achieved. Even though this is higher than
the ideal misalignment of 4 pm, it is nonetheless small enough for the gas bearings
to operate correctly, as will be described further in Chapter 7.
6.4 Magnetic and Winding Components
So far, the discussion has focused on new techniques for fabricating the silicon compo-
nents of the fully-integrated turbogenerator. Because permanent magnets, laminated
magnetic cores, and surface windings constitute the remaining portion of the inte-
grated generator, they also require in-depth treatment. Each of these topics is now
treated individually, and the emphasis is on insuring compatibility between these
components and the silicon structure.
6.4.1 Plating of Laminated Magnetic Stator
Although the initial turbogenerator design shown in Fig. 2-2 consists of a 1-mm thick
laminated NiFe stator core to increase the power generation efficiency, collaborators at
GIT faced significant difficulties in achieving a uniform and flat electroplated core. As
a result, the final generator design does not contain the stator core. For the problems
encountered during the electroplating process and attempts to resolve them, refer to
Appendix D.
6.4.2 Drop-In Winding Technology
The integrated surface winding required to extract power from the turbogenerator
represents a difficult fabrication challenge. First, because the winding fabrication
technology developed at GIT [2, 13] requires SU-8, the winding cannot be formed
alongside the silicon components - MIT does not allow SU-8 contaminated wafers
into the DRIE machines. In other words, the silicon fabrication process cannot be
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(a) Front side (b) Back side
Figure 6-7: A drop-in copper surface winding sample. The surface windings are
fabricated on an oxidized silicon wafer and released with HF once the fabrication
is complete. It consists of two winding layers, each approximately 100 Ym thick,
sandwiched by a via layer.
interwoven with the winding fabrication process. Furthermore, the winding can-
not be electroplated directly onto a completed silicon die because the die contains
deep topographies after completion. Consequently, a drop-in winding technology was
developed by Herrault to resolve the fabrication incompatibilities. This winding is
fabricated using a two-layer electroplated copper process, described more fully in [13].
Briefly, the process begins with a silicon substrate oxidized with 0.5 Pm of thermal
oxide. On top of the oxide, a tri-layer consisting of Ti-Cu-Ti is sputtered, with the
titanium layers being 300 A and the copper layer being 3000 A. After spin coating
and patterning the first layer SU-2025 mold and removing the top Ti layer using
diluted HF, the first winding layer is electroplated. The via and second winding layer
are formed in a similar way, with the via layer molded with SU-2025 and the second
winding layer molded with Futurrex NR2-2000 negative photoresist. Immediately be-
fore insertion, the completed surface windings are released from the silicon substrate
using HF and refined slightly using laser machining. Fig. 6-7 shows a successfully
released winding after the laser machining process. Due to the multilayer electroplat-
ing process, the final winding contains randomly distributed surface protrusions. The
effect of these protrusions on device operation is further explored in Section 8.3.
184
6.4. Magnetic and Winding Components
Once the windings are released, additional steps are required to complete their
integration into the turbogenerator. First, each of the six winding connectors in
Fig. 6-7 are carefully bent at a right angle so they fit into pre-etched holes on the
silicon stator. Once the fit between the connectors and the silicon is ascertained,
super glue is applied on the back side of the winding to permanently attach it to
the silicon die. Finally, the die is flipped over and six wires are soldered under a
microscope to the six leads. Super glue or epoxy is applied to each of the soldered
wires near the solder joint to create stress relief.
6.4.3 NiFe Back Iron Formation
In order to increase the efficiency of the fully-integrated turbogenerator, it is desirable
to have a 50 pm thick NiFe back iron on the magnetic rotor to assist in flux redirection.
Two methods of back iron formation are considered - electroless plating and laser
machining. The electroless plating procedure submerses the completed silicon rotor
in a chemical bath, characterized more fully by Arnold [2], with the connection to the
bottom of the cavity made through the low-resistivity turbine blade layer (wafer level
L3A is fabricated on a highly doped wafer). A special jig developed by GIT holds
the rotor in a Plexiglas chamber that prevents the plating bath from contacting the
rotor blades and journal bearing sidewall in order to avoid unwanted plating in these
regions. Although it was originally believed that the resistivity differences between
L3A and the other two rotor layers would allow a bottom-up electroplating to occur,
sidewall plating was observed by Herrault. The undesired sidewall plating, shown in
Fig. 6-8, occurs because a thin layer of NiFe plates on the normal resistivity sidewalls
after some time in the plating bath, and this layer, connected to the material plating
on the bottom surface, effectively becomes a seed layer for further electroplating.
In and of itself, the sidewall plating is undesirable but does not significantly affect
the turbogenerator performance. Surface plating presents a much more serious issue,
however. Due to the design of the Plexiglas jig, the aft thrust bearing pad, as well
as part of the rotor rim, are exposed to the electroplating bath. Although these
regions are protected by oxide, small pinholes allow localized plating to occur, and
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(a) Side view (b) Top view
Figure 6-8: SEM photos of rotor electroplated with NiFe back iron. Note that in
contrary to original assumptions, undesired plating occurs on the cavity sidewall.
(a) Overview (b) Close-up view
Figure 6-9: Back iron formed using laser machining. In these pictures, the back iron
is orange and the silicon is green.
these regions have to be lightly polished for the rotor to spin. Unfortunately, even
light polishing creates sufficient rotor imbalance to prevent the rotor from achieving
supercritical speeds. It is conceivable to modify the electroplating jig so these regions
are protected, but this was not further explored.
To sidestep this issue, Herrault characterized another method of forming the 50 pm
back iron - laser machining either a preformed or electroplated sample to allow for
a drop-in back iron. Herrault initially fabricated an annular laser-machined back
iron for insertion, which is shown in Fig. 6-9. However, it was discovered that even
though the back iron constitutes only 27 mg out of 331 mg of the overall rotor
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weight, the annular back iron introduced enough imbalance that the rotor could not
operate supercritically. This is similar to the use of an annular permanent magnet,
as discussed in Chapter 4. Therefore, a second version of the back iron uses eight
identical back iron pie pieces. These pie pieces can then be rigorously balanced,
similar to the permanent magnet pieces, prior to insertion. Note that to maximize
the device performance, the back iron pieces are fabricated such that the gaps between
the pieces are offset at an angle from the gaps between the permanent magnet pieces.
This allows the magnetic flux to only flow across low reluctance regions.
6.4.4 NdFeB Magnet Pie Piece Fabrication
Based on the analysis performed in Chapter 5, the permanent magnet pie pieces must
be cut with high geometric precision, preferably keeping the machining variations
under +50 pm in all dimensions. There are three options considered for the magnet
cutting procedure, including waterjet machining, electrical discharge machining, and
laser machining. Ultimately, laser machining is chosen for its accuracy and quick
turnaround. The discussion on the other two machining methods can be found in
Appendix D. In all three cases, the magnets are cut first before being magnetized
to prevent magnetic particles from contaminating the specimen surfaces. It is also
important to note that NdFeB magnets are prone to corrosion when exposed to air,
and any type of machining that penetrates the protective nickel coating put in place
by the manufacturer will initiate the corrosion process. Without a new layer of
protective nickel, the magnet surface corrodes completely in about one week.
Laser machining relies on a continuous-wave or pulsed laser to melt away the
region to be cut. Based on the cut width and depth required, the laser pulse width
and power are adjusted. A smaller pulse width allows only a tiny area to be heated
since the surrounding region does not have enough time to absorb the laser energy,
and this is beneficial to creating smooth finishes and preventing corrosion. Standard
laser machining is able to constrain geometric tolerances below 50 Ym [1], but more
precise tools, such as those from Resonetics, can machine surface patterns with feature
sizes as small as 1 Mm. This method of machining has been applied to complement
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(a) Machined sample (b) SEM image near edge
Figure 6-10: Photos of magnet machined with laser. Laser machining results in mag-
net pie pieces without pronounced dog ears, as shown in Fig. 6-10(a). Furthermore,
the edge roughness is much improved over samples produced from waterjet machining
and electrical discharge machining. (Courtesy of Florian Herrault, GIT)
MEMS fabrication technologies when materials difficult to etch are required.
GIT performed detailed characterization of the laser machining process and man-
ufactured four sets of NdFeB magnets for insertion into the silicon cavity. Fig. 6-10
shows both a top view and a close-up SEM picture of a magnet piece manufactured
using laser machining. From Fig. 6-10(a), one sees that the sample cut using laser
does not exhibit the undesired dog ear that results from both the waterjet and electri-
cal discharge machining described in Appendix D. This is a significant improvement
because the insertion tolerances are guaranteed, and there are no irregular shapes
contributing to the rotor imbalance. Furthermore, the top view shows that the sam-
ple has excellent geometric conformation to the original drawing. Both the inner
and outer arcs are well-defined, and the edges are straight. Examining Fig. 6-10(b)
closely, it is apparent that the laser machining process results in a much improved
edge roughness compared to samples prepared using the other two methods.
6.4.5 Magnet Insertion and Attachment
Section 5.5.2 established a magnet insertion protocol that ensures the rotor imbalance
is minimized in the presence of permanent magnets exhibiting geometric and weight
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(a) Turbine side (b) Permanent magnet side
Figure 6-11: Fully-integrated magnetic rotor with electroplated NiFe back iron. For
this rotor, the permanent magnets are attached using a semi-rigid formulation of
Eccobond LV45 black epoxy to the back iron.
variations. The actual implementation of this protocol is now briefly discussed. For a
rotor with electroplated back iron already in place, such as the one shown in Fig. 6-11,
the magnet insertion is relatively easy because the magnet pieces will readily adhere
to the back iron. In this case, a tiny drop of semi-rigid Eccobond LV45 black epoxy
or super glue is painted on the bottom of the magnet pie pieces and the pieces are
carefully inserted into the cavity using a non-magnetic tweezer. It is imperative that
the tweezer be non-magnetic because the magnets are brittle, and mishandling the
pieces with a magnetic tweezer easily results in chipping. Depending on the adhesive
used, the magnet must be held in the outward counterclockwise position until the
adhesive hardens. The process is then repeated for the other magnets. During the
entire insertion process, one must make sure that the polarity is alternated correctly
and that the piece being inserted does not "flip" from the tweezer onto neighboring
pieces, since this can result in damages to both magnet pieces. Finally, after the
adhesive completely dries, the rotor surface is cleaned using acetone, methanol, and
isopropanol to ensure that the thrust bearing pad is free of contaminants.
Based on experience gained from assembling multiple magnetic rotors, the author
recommends the use of super glue for permanent magnet attachment. This recom-
mendation is based on the fast drying time and the ability to easily remove excesses
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using acetone. If one makes a mistake using epoxy, it is hard to cleanly correct the
problem. The shear strength of both adhesives are similar, with epoxy typically be-
tween 10-27 MPa [6] and super glue typically between 6-26 MPa [14]. Comparing
these values with the rotor stresses computed in Chapter 4, it is apparent that nei-
ther adhesive provides sufficient mechanical support and will most likely delaminate
at the design speed of 360 krpm. Based on preliminary air spindle fracture tests per-
formed by Herrault on blade-less versions of permanent magnet rotors with spokes,
the maximum speed these rotors can withstand is approximately 160-170 krpm.
6.5 Heavy Bearing Rig Fabrication
One of the main goals established early during the project is to test the gas bearings
separately from the windings and laminated stator in order to quantify their per-
formance on unprecedentedly heavy magnetic rotors and verify that the imbalance
due to both the silicon fabrication and magnet cutting process do not exceed the
threshold of 5-6 Mm. This test is also important because the theories formulated by
Liu and Teo [27,46] have not been tested on non-silicon rotors. To enable these tests
without extending the fabrication time frame, the majority of the silicon wafers used
to assemble the heavy bearing rig are identical to the fully-integrated turbogenera-
tor. Only layers L4 and L5, which constitutes the bottom die, are modified. For the
complete fabrication recipe of the heavy bearing rig, which is based heavily on the
process used by Teo [46], refer to Appendix B.1-B.2.
Based on the desire to collect multiple data points during the heavy bearing rig
experiments, two types of rotors are fabricated. The first rotor consists of a solid
silicon disk and is similar to the rotors tested previously by Teo, except in weight
and dimensions. This rotor, weighing approximately 235 mg, serves as a baseline for
determining whether the silicon fabrication process results in an acceptable imbalance.
At the same time, it generates a data point for a rotor about half as heavy as the
magnetic rotor. The second type is the pie-annulus rotor with locators described
Section 4.5.5. Both rotors can be tested using the same stator because the two halves
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Figure 6-12: Rendered image for heavy bearing rig L1. This layer serves as the top
interface to the external packaging, which has multiple gas tubings attached.
of the stator die are not fusion-bonded and can therefore be readily reopened.
6.5.1 Overview of Fabrication Methodology
Instead of describing the complete fabrication recipe in detail - a feat that would take
numerous chapters to complete - the important issues associated with each layer, as
well as solutions to overcome them, are discussed. Throughout this discussion, the
silicon wafers are referenced according to their layer numbers, which are depicted in
Fig. 2-2. Layers Li and L5 for the heavy bearing rig are relatively easy to fabricate
while L2 and L4 are both very fragile toward the end of the fabrication and require
careful handling. The rotor layers L3A-L3C have their own associated difficulties
because the fusion bond between them needs to be strong to ensure that the rotor
does not break apart during high-speed operations. Furthermore, it is nontrivial to
use DRIE to etch a straight 900 tm sidewall that serves as the journal bearing.
6.5.2 Issues Specific to Layer 1
Layer L1 serves as the top interface to the external packaging that contains inlets
for gas tubulations. As such, it mostly consists of gas channels to redirect incoming
gases, which arrive through circular openings enclosed by o-rings, to the appropriate
locations to feed the turbine and gas bearings. To fabricate this layer, a 450 apm
double-side polished wafer is used, and thick AZ4620 photoresist is simultaneously
applied to the front and back side so the DRIE process used to define the various fea-
tures shown in Fig. 6-12 is completed without intervening steps in between. Although
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(a) Front side (b) Aft side
Figure 6-13: Photos of completed heavy bearing rig L1 wafer. The protective oxide
film that keeps the surface clean is visible in both photos.
the procedure to produce a double-sided thick resist coating is well documented (spin
front coating, prebake for 15 minutes, spin aft coating, and proceed as normal), there
are several important details to note. First and foremost, because any thick photore-
sist regions contaminated with particulates tend to bubble and fail during DRIE, the
spin coat chuck must be rigorously cleaned with acetone, methanol, and isopropanol
prior to both coating processes. A few wafers spun on a dirty chuck exhibited random
pinholes spread across the regions that touched the chuck after being etched using
DRIE, and cleaning the chuck rigorously resolved this issue. Another related issue
involves photoresist splashing onto the back side when the front side is being coated,
which also produces unwanted pinholes if the splashed regions are not covered with
Kapton tape during etching.
Because this layer contains through-holes, the wafer must either be mounted on a
handle wafer or covered with blue die saw tape when the second side is etched. Based
on previous fabrication experience [26], mounting the wafer onto a handle creates
non-uniformity in etch rate across the wafer. Given that the L1 wafer is relatively
rigid, blue tape is used. The blue tape must be carefully cut so it conforms to the
shape of the wafer, or else the loading mechanism of the DRIE machine can crack the
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Figure 6-14: Rendered image for heavy bearing rig L2. This layer contains the forward
thrust bearing features as well as the turbine plenum.
wafer. Fig. 6-13 shows the front and back side of a completed L1 wafer.
6.5.3 Issues Specific to Layer 2
In contrast to the relatively simple L1, L2 is a difficult layer to fabricate because it
contains the upper thrust bearing features, some of which have very tight tolerances.
For example, the forward thrust bearing gap etched in the first step is 3 um, and the
tolerance limit is ± 10%, meaning that the etch cannot vary by more than 0.3 im.
Given the typical DRIE etch variation across a six inch silicon wafer, one must mea-
sure the etch depth for each die and cover the gaps that have finished with Kapton
tape before continuing the etch. At the same time, the thrust bearing orifices, which
are nominally 100 jm in length, should have a diameter of 10 Mm. To ensure that the
small orifices remain circular and retain the correct diameter, the photoresist spun
on step three cannot go through a postbake, since the postbake deforms the edges of
the photoresist. Also, because it is difficult to measure the etch depth of the orifices,
a reference wafer must be etched beforehand to assess the time required to achieve an
orifice depth of 100 pm. As a rough estimate, the orifices etch at a rate of about half
that for the larger features, such as the turbine plenum holes and forward exhaust.
A more detrimental issue associated with L2 is the thin 100 pm membrane that
results after the forward thrust bearing plenum is etched. This membrane thickness
is associated with the length of the forward thrust bearing orifices and cannot be
easily increased. Due to this membrane, the silicon wafer is extremely fragile when
the second side is etched starting on step seven, so if the wafer is mounted using blue
tape, it tends to crack halfway through the final etch. This problem is resolved by
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Figure 6-15: Photos of completed heavy bearing rig L2 wafer. Note that a handle
wafer, which prevents L2 from cracking during DRIE, is visible beneath.
mounting the L2 wafer onto a handle wafer before the forward thrust bearing plenum
is etched, but this mounting process needs to be performed carefully since even a
slight pressure on the thrust bearing pad region can crack the wafer. The aft side
of a completed L2 wafer is shown in Fig. 6-15, and the reader can compare it to the
rendered image shown in Fig. 6-14.
It is useful to examine the forward thrust bearing orifices in detail because their
diameter will be an important parameter during the discussion of experimental results
in Chapter 7. Two SEM pictures of the forward thrust bearing pad are shown in
Fig. 6-16, with Fig. 6-16(b) being the close-up view of a single orifice. Notice that
the orifice is nearly a perfect circle, which can be attributed to the elimination of a
postbake after the patterns are defined on the photoresist. Based on the measurement
bar in Fig. 6-16(b), the diameter of the forward thrust bearing orifice is approximately
10.5 im. The reader should keep this number in mind and compare it to the orifice
diameter fabricated in L4.
6.5.4 Issues Specific to Rotor Layers
Given that the rotor must contain both blades and a silicon cavity while maintaining
a low imbalance, the rotor is made up of three silicon wafers, with L3A and L3B
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(a) Forward thrust bearing pad (b) Thrust bearing orifice
Figure 6-16: Photos of forward thrust bearing pad and orifices. The rough optical
port is likely due to an over-etch. Based on the SEM measurement bar, the forward
thrust bearing orifices are approximately 10.5 ym in diameter.
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Figure 6-17: Rendered image for heavy bearing rig L3A-L3C. This layer contains the
900 pm journal bearing and the rotors.
being 350 pm and L3C being 550 pm (see Fig. 6-17). This allows both the silicon
cavity and the blades to be etched by a "halo etch," a procedure in which only the
boundaries of features are etched, in order to eliminate large etching areas, which can
significantly load the DRIE and affect etch uniformity. This novel etching procedure
is described more fully by Teo [46] and is thus not repeated here. Because of the
requirements set out in Section 6.4.3 with regards to the back iron electroplating
procedure, the wafer for L3A is a heavily implanted low-resistivity wafer. This does
not affect the overall fabrication process, but the heavy implantation of dopants make
the bonded L3 stack opaque to infrared radiation, meaning that the fusion bonding
quality cannot be easily ascertained until the final release step.
The fabrication process performed on the individual L3A-L3C wafers prior to
bonding are relatively straightforward except for the control of the 50 pm cavity
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etch in L3B. Similar to the forward thrust bearing clearance etch in L2, the cavities
in L3B are individually monitored throughout the etching process and covered as
soon as they reach the target depth. This is important because non-uniform etch
rates result in the first few cavities finishing 5-10 Am ahead of the slowest cavities.
After the wafers are bonded, the most challenging procedure involves step five and six
shown in Appendix B since the etching of the magnet cavities and journal bearing are
delayed relative to each other. To ensure that the the magnet cavities are perfectly
aligned to the journal bearing, they are defined together in one mask exposure, but
the magnet cavity etch only goes for 550 jm while the journal bearing etch must
go for 900 ,nm. This depth difference is achieved using a nested mask made from
thick AZ4620 photoresist in step four to cover the cavities while the first 350 Am of
the journal bearing is etched. After the first part of the journal bearing is etched,
the thick photoresist is removed and both the magnet cavities and journal bearing
are etched to completion. To ensure that the journal bearing finishes at the same
time as the cavities, test wafers were etched to characterize the individual etch rates.
This is necessary because DRIE slows down deep inside a trench, and there are
also global etch variations across the wafer. Even with careful characterization, the
magnet cavities of the final device wafer completed earlier than the journal bearing,
and it was necessary to paint photoresist in all the cavities to protect them while the
journal bearing finished etching. Fig. 6-18 shows the front and back side of an L3
wafer immediately before the surface oxide is stripped for bonding.
The design of the halo etch on the turbine blade side deserves special mention.
Based on past experiences [26], the release of the turbine halo, which also frees the
rotors, sometimes resulted in fractured blades because the regions around the blades
often finished etching last. This violent halo release happens because a large amount
of stress in the bonded stack is dissipated when the halo piece becomes loose. To
prevent this from happening, the width of the halo etch is intentionally decreased at
four points on the outer radius of the turbine plenum to ensure that the halo piece is
released from a relatively strong region of the die. This design proved successful, and
no blades fractured for this build.
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(a) Front side (b) Aft side
Figure 6-18: Photos of heavy bearing rig L3 in progress. The photoresist at the root
of the blades in Fig. 6-18(a) protects the blades while the thermal oxide is stripped
prior to bonding.
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Figure 6-19: Rendered image for heavy bearing rig L4. This layer contains aft thrust
bearing features and journal bearing plena.
6.5.5 Issues Specific to Layer 4
Layer L4, rendered in Fig. 6-19, is similar in fabrication difficulty as L2, although
the recipe calls for numerous nested masks in order to accommodate the different
clearances required by the inner and outer seals. Thrust bearing clearance and orifice
geometry are again two important features to control, and they are fabricated in a
similar manner to their counterparts in L2. The author encountered much difficulty
with the definition of labyrinth seals in this layer, since the thick photoresist would
sometimes lift-off during the photoresist development process due to poor adhesion
and its narrow geometries. Consequently, some of the earlier L4 wafers fabricated
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(a) Front side (b) Aft side
Figure 6-18: Photos of heavy bearing rig L3 in progress. The photoresist at the root
of the blades in Fig. 6-18(a) protects the blades while the thermal oxide is stripped
prior to bonding.
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Figure 6-19: Rendered image for heavy bearing rig L4. This layer contains aft thrust
bearing features and journal bearing plena.
6.5.5 Issues Specific to Layer 4
Layer L4, rendered in Fig. 6-19, is similar in fabrication difficulty as L2, although
the recipe calls for numerous nested masks in order to accommodate the different
clearances required by the inner and outer seals. Thrust bearing clearance and orifice
geometry are again two important features to control, and they are fabricated in a
similar manner to their counterparts in L2. The author encountered much difficulty
with the definition of labyrinth seals in this layer, since the thick photoresist would
sometimes lift-off during the photoresist development process due to poor adhesion
and its narrow geometries. Consequently, some of the earlier L4 wafers fabricated
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Figure 6-21: Photos of completed heavy bearing rig L4 wafer. The four journal
bearing plena are located on the outer radius, and it is separated from an annular
recess by the labyrinth seals. This recess is where the surface windings will be inserted
for the fully-integrated turbogenerator, but it is not used for the heavy bearing rig.
Instead, it serves as the thrust balance plenum.
four journal bearing plena located on the outer edge, and the upper and lower pair
subtends a larger angle than the left and right pair. This asymmetry is used to create
an anisotropic journal bearing setting that makes the task of crossing from subcritical
to supercritical speeds somewhat easier, and it also increases the whirl stability limit
of the bearings [46]. Also visible in this picture is a large annular recess separated
from the journal bearing plena by the labyrinth seals. This recess is where the surface
windings for the fully-integrated generator device would be inserted, but it only serves
as a thrust balance plenum for the heavy bearing rig. Due to the area that the balance
plenum occupies, pressurizing the thrust balance requires a large amount of gas.
6.5.6 Issues Specific to Layer 5
Layer L5 serves as the bottom interface to the external packaging, and it is a relatively
easy wafer to fabricate, similar to L1. Thick AZ4620 photoresist is spun on both
side of the wafer and the appropriate patterns are defined on the top and bottom
simultaneously using DRIE. Because the etching process does not result in any thin
membranes on this layer, it is acceptable to use blue tape as a mounting tool when the
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Figure 6-22: Rendered image for heavy bearing rig L5. This layer serves as the bottom
interface to the external packaging, which has multiple gas tubings attached.
second side is etched. Similar to L1, however, the tape must be conform to the edge
of the silicon wafer so the DRIE machine does not break the wafer during unloading.
Fig. 6-22 shows a rendered picture of L5, and the front and back of a completed L5
wafer is shown in Fig. 6-23.
One feature worthwhile to discuss on L5 is the placement of the aft exhaust.
Because the exhaust must accommodate air flowing into the device from the thrust
balance, aft thrust bearing, and to some extent the journal bearings, it should occupy
a large area to keep the exit flow Mach number low. Unfortunately, as mentioned in
Chapter 3, the aft side is crowded with the journal bearing plena, seals, and laminated
stator core. Therefore, the only way to expand the aft exhaust is to have it subtend
a larger angle, which, based on Fig. 6-23(b), will mechanically weaken the aft thrust
bearing. Because an o-ring sits directly underneath the aft thrust bearing inlet during
packaging, the thrust bearing pad can break off if the struts around the exhaust are
too small. This forces the exhaust design to be suboptimal.
6.6 Turbogenerator Fabrication
To minimize the fabrication time required, the fully-integrated generator shares the
top five layers, including the rotor design, with the heavy bearing rig and relies on
changes in L4 and L5 to implement the generator design. Silicon rotors containing
cavities are populated with back irons and magnets during turbogenerator testing.
The complete fabrication process for L4 and L5 are described in Appendix B.3.
Because the stator laminations are annular, they must be held in place by tethers.
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(a) Front side (b) Aft side
Figure 6-23: Photos of completed Layer 5 wafer. The protective oxide film that keeps
the surface clean is visible in both photos.
At the same time, the tethers cannot extend all the way up through the laminations
because this would result in the flow of magnetic flux being impeded, which impacts
the performance of the magnetic generator. This requirement results in a major
difference between the generator recipe and the heavy bearing rig recipe - L4 and
L5 are fusion bonded prior to the definition of the aft thrust bearing features. The
five tethers, each 275 pm thick, are fabricated on the bottom half of L5, so the L5
lamination features are completely etched through prior to bonding. On the other
hand, the laminations on L4 are only partially etched since they are not connected by
tethers. After the fusion bonding between L4 and L5 is complete, the L4 lamination
features are finished from the front side. Note that this fusion bonding is challenging
because each pair of 50 pm wide L4 and L5 lamination features must line up and
successfully bond.
The final oxidation step shown in the turbogenerator recipe is another deviation
from the heavy bearing rig recipe. This oxidation serves to insulate all the exposed
silicon surfaces so NiFe does not electroplate on them while the stator core-is being
formed. At the same time, it prevents the electroplated stator core from electrically
shorting across the silicon. The thickness of this thermal oxide is determined by the
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Figure 6-24: Front side of completed turbogenerator die. The laminated stator core
and the electrical feedthroughs for the surface winding are visible in the picture.
requirements of the electroplating process.
Fig. 6-24 shows a completed turbogenerator lower die. The entire die, including
all the sidewalls of the laminated silicon, is purple due to the final thermal oxidation
process. Six electrical feedthrough holes are also visible in the picture, and each pair
of holes accommodates the connectors for one phase of the surface winding.
6.6.1 Issues Specific to Layer 4
The challenges facing the turbogenerator L4 is different than that faced by the heavy
bearing rig L4 in part because the turbogenerator L4 and L5 are fusion bonded
together before the L4 bearing features are defined. This results in a much stronger
wafer stack that can withstand DRIE without the danger of cracking. Nonetheless,
the early bonding creates difficulties of its own. For example, the thrust bearing
orifices in the heavy bearing rig wafers are inspected using microscope backlighting
to ensure that all the holes have been etched through. This is no longer possible for the
turbogenerator L4 because the thrust bearing inlet hole on L5 is smaller in the radial
direction than the orifices, so the L5 wafer prevents the backlight from being visible.
202
6.6. Turbogenerator Fabrication 203
(a) Front side (b) Aft side
Figure 6-25: Close-up rendered images of turbogenerator layer L4. The yellow re-
gion denotes the location of the laminated stator core. Also note that the electrical
through-holes have shrunk slightly for the final design, but their location in the ren-
dered image is correct.
Another issue involves the partially etched laminations that must be etched through
once L4 and L5 are bonded together. This etch is completed while the top surface of
L4 is being processed, so the etch rate must be characterized beforehand to ensure that
the laminations finish at the same time that the seal clearances complete. In reality,
this synchronization is difficult to achieve, and the laminations finish etching slightly
ahead of the seal clearances. Because the lamination tethers are exposed as soon
as the laminations etch through, the additional DRIE time required to complete the
clearance etch affects the final thickness of the tethers. Ultimately, this proved benign
since none of the laminations fell off, but the process should be further optimized.
6.6.2 Issues Specific to Layer 5
On its own, the turbogenerator L5 wafer is similar to the heavy bearing rig wafer
and relatively easy to fabricate. Thick photoresist is spun on both side of the wafer
and each side in sent through DRIE in sequence. To prevent the tethers from being
inadvertently etched, the aft side is etched after the front side. Although blue tape
is still used during the aft side etch, it is important to bake the tape slightly before
dismounting since the laminations have been etched through at that point and will
iI
6. Fabrication: Pathway to Achieving Compatibility
(a) Front side (b) Aft side
Figure 6-26: Close-up rendered images of turbogenerator layer L5. The yellow re-
gion denotes the location of the laminated stator core. Also note that the electrical
through-holes have shrunk slightly for the final design, but their location in the ren-
dered image is correct.
tear off with the tape otherwise.
Fig. 6-27 shows a close-up photo of the laminated silicon and a 50 ym wide lamina-
tion tether on the completed turbogenerator lower die. Notice that the top surface of
the tethers in Fig. 6-27(a) is slightly roughened due to the seal clearance etches, which
are performed after the laminations have been etched through. Also, the tethers in
Fig. 6-27(b) have a curvature to them because of fillets on the lamination etch mask,
added to prevent stress concentrations on the fragile tethers. Based on the different
focal point of the lamination surface and the tether surface, one can confirm that the
tethers are approximately 275 pm in height and do not extend entirely through the
laminations.
Since the turbogenerator lower die is mechanically weaker than the heavy bearing
rig lower die due to the presence of laminations, the die cannot be used without the
laminations being electroplated. In fact, the o-ring situated beneath the aft thrust
bearing for packaging purposes can push and deform the aft thrust bearing pad enough
that the rotor becomes stuck axially. Filling the laminations with adhesives such as
super glue or epoxy does not stiffen the structure sufficiently to sidestep this problem.
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(a) Focused on top (b) Focused on bottorn
Figure 6-27: Photos showing a close-up view of the lamination tethers. The surface of
the laminations are roughened due to the inner and outer seal clearance etches, and
the tether is slightly curved because the laminations are etched with a slight fillet to
prevent stress concentration.
6.7 Device Package Design
Because both the heavy bearing rig and fully-integrated turbogenerator require com-
pressed nitrogen to operate their gas thrust and journal bearings as well as to drive
the turbine, the external packaging consists mostly of air flow channels. For both
packages, the interface between the air flow channels and the silicon die is sealed with
rubber o-rings from Apple Rubber to prevent leakages. To allow one to visually verify
that the o-rings are sufficiently compressed when the package is clamped shut, the
heavy bearing rig package consists of top and bottom pieces made from Plexiglas. An
added benefit to a transparent package is that the clamping force can be controlled
to a minimum so the fragile dies do not crack under pressure. Gas coming from ei-
ther a mass flow controller or mass flow meter is fed from one-eighth inch hardened
plastic tubings to Scanivalve metal tubulations (TUBN-125), which are attached to
the package using semi-rigid Eccobond LV45 black epoxy. After passing through the
tubulations, the gas flows through drilled channels horizontally and makes a ninety
degree turn into the device.
As will be explained in Chapter 7, the low-temperature eutectic bond is ultimately
not performed because it prevents the rotors from operating supercritically. There-
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fore, both the heavy bearing rig and turbogenerator devices are tested with the upper
and low dies clamped together by the Plexiglas package. This has the added benefit
that different rotors can be easily swapped in and out of the dies. The eutectic ma-
terial is still important because it is compliant and compresses to prevent leakages
through the die interface, which can affect the journal bearing performance. Even
though the clamping process causes the silicon dies to bend slightly, this method
works as long as the compression is not too severe.
6.7.1 Heavy Bearing Rig Package Specifics
There are several important issues pertaining to the heavy bearing rig package, shown
in Fig. 6-28 with a completed die, that deserve mention. For a reference of the parts
being discussed, the reader is referred to Appendix C, which contains the machining
diagrams for both the heavy bearing rig and turbogenerator packages. The most
pressing difficulty relates to the position of the aft thrust bearing feed on the device.
Due to space limitation on the lower die and the anticipation that laminations will
completely surround the aft thrust bearing, the aft thrust bearing gas is fed through
a hole at the center of the silicon die instead of being routed outward like the journal
bearing and thrust balance feeds (see Fig. 6-23). Because the aft exhaust surrounds
the thrust bearing inlet, the o-ring sealing the thrust bearing must be seated in a
cavity with thin sidewalls. Initially, the sidewalls separating the thrust bearing feed
and the exhaust ports were designed at 310 ym to maximize the exhaust holes on the
package, but the sidewalls cracked when the thrust bearing o-ring was compressed,
leading to significant thrust bearing leakages. This problem is resolved by thickening
the sidewalls to 1.3 mm at the expense of decreasing the exhaust area, but this
modification creates another issue.
Given space limitations, the original design did not fully overlap the exhaust
ports on the silicon die and the exhaust holes on the package, and strengthening the
sidewalls resulted in the overlap disappearing. Following the package modification,
experimental results from the heavy bearing rig device showed anomalous behaviors
that were eventually attributed to the inability for aft side gas flows to easily vent out
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Figure 6-28: Plexiglas heavy bearing rig package with assembled die. Metal tubula-
tions and black o-rings are visible in the photo.
from the bearing rig. To rectify this problem, 120 pm thick shims were sandwiched
between the bottom silicon die surface and the Plexiglas package to create a vertical
clearance for the exhaust gas to exit radially.
The final two points to mention relate to the Scanivalve metal tubulations that
interface between the mass flow meters and controllers and the Plexiglas package.
First, because the protrusions on these tubulations are relatively small, the plastic
pipings cannot be secured tightly and tend to pop off if large pressures are supplied.
This is especially serious for the forward and aft thrust bearing feeds due to the high
pressure requirements, so these two inlets are fitted with special adapters designed
in-house. Second, because the tubulations are handled frequently during package
assembly and disassembly, they can begin to leak. These leakages are fixed by painting
additional epoxy over the weakened regions.
6.7.2 Turbogenerator Package Specifics
The turbogenerator shares the majority of its package design with the heavy bearing
rig. Specifically, the top cover piece and the center aluminum stand-off are exactly
the same, and the layout of the gas flow channels on the bottom piece is unchanged.
However, the bottom piece requires six through-holes to accommodate the electrical
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Figure 6-29: Problem setup for determining surface temperature of windings. Q¢
represents the heat dissipation from the surface windings, which either travels up
or down through the device die to ambient temperature To. (Courtesy of Zoltan
Spakovszky [41]).
connections to the surface windings.
It is instructive to examine heat conduction for the turbogenerator die to deter-
mine whether the bottom piece can still be machined from Plexiglas. This analysis
will also highlight the importance of selecting a thermally conductive insulator be-
tween the surface windings and the silicon surface to allow heat generated in the
windings to be conducted out of the die. Spakovszky performed a one-dimensional
heat transfer analysis to assess the thermal behavior [41], and the problem setup
is shown in Fig. 6-29. In this picture, Q, represents the heat dissipation from the
surface windings, and this dissipation either travels up or down the die to ambient
temperature To, depending on the ratio of upper and lower thermal resistance, de-
noted as Ru and Rd respectively. The upward path includes convection in the air and
turbine gap, conduction through the permanent magnets, back iron, and silicon, and
natural convection toward the ambient. On the other hand, the lower path consists of
1
i
I
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conduction through the winding insulation formed from SU-8, laminated stator core,
and the lower packaging material. By analyzing each component in the heat dissipa-
tion path, it was determined that the the ratio of Rd to Ru is 0.04, meaning that the
dissipation from the windings will preferentially exit through the bottom side. This
in turn implies that the heat conduction through the SU-8 and the lower package is
important. Based on a 1 cm thick lower Plexiglas package and a 10 pm thick SU-
8, the winding temperature rises 15 K/W, so the windings in a 10 W machine will
experience a 150 K increase. However, by completely removing the Plexiglas piece,
which makes up 99.8% of Rd, the temperature rise decreases to 0.3 K/W. On the
other hand, if one assumes that there is no Plexiglas piece on the bottom and vary
the heat transfer coefficient of SU-8 from 1 W/mnK to 0.01 W/mk, the temperature
rise in the surface windings changes from 0.3 K/W to 20 K/W.
Ultimately, as Chapter 8 will show, the turbogenerator device is not operated up
to the design speed of 360 krpm. Therefore, even though an aluminum bottom piece is
preferred, Plexiglas is used since it allows the o-ring compressions to be inspected. At
the highest achieved speed of 40 krpm, the power dissipation in the surface winding
does not cause an appreciable rise in device temperature. Fig. 6-30 shows a rendered
image of the turbogenerator bottom packaging piece, which differs from the heavy
bearing rig piece in two ways. First, six recesses are drilled to accommodate the
electrical connections to the surface windings. Also, there is a recess in the center
region to accommodate slight protrusions from the electroplated stator core.
6.8 Summary
This chapter focused on describing novel fabrication techniques necessary to integrate
the magnetic materials and surface windings into the silicon structure. A process flow
for achieving an ultra-deep 900 pm journal bearing, necessary to support the heavy
magnetic rotor, was presented. Following this, a die-level, low-temperature eutectic
bonding protocol was introduced to enable integration of the NdFeB magnets, which
cannot be exposed to elevated temperatures. This bonding process relied on an eu-
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Figure 6-30: Bottom packaging piece for turbogenerator die. The main difference
between this piece and the heavy bearing rig piece is the presence of six recesses to
accommodate the electrical connections to the surface windings.
tectic layer of In and Sn to achieve a low bonding temperature of 140 oC. The author
noted that the devices could be run without the bond being established, but the
eutectic material is necessary for a clamped device in order to prevent leakages. Fur-
thermore, to achieve minimal misalignment between the upper and lower dies during
the die-level bonding procedure, a three-point contact jig was developed. Fabrication
recipes for the magnetic and surface winding components were also described. In
particular, it was shown that a combination of laser-machined back iron and perma-
Fabrication Technology Status
Drop-in back iron Implemented
Drop-in permanent magnets Implemented
Drop-in surface winding Implemented. Should eliminate protrusions.
Journal bearing etch Implemented.
Laminated stator core Possible given more resources. (4x reduction)
Low-temperature bonding Possible given more resources.
Solder-fill and polishing Difficult.
Table 6.1: Implementation status for individual fabrication technologies. For tech-
nologies that impact the generation capability, a power reduction factor is also quoted.
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nent magnets resulted in the best magnetic rotor in terms of imbalance and ease of
fabrication.
Following the discussion on the individual technologies, a complete fabrication
recipe for the heavy bearing rig device was presented. This device enables the gas
bearing behavior to be characterized independently from the magnetic and winding
components, and the fabrication process produces two flavors of rotors - a baseline,
light silicon rotor and a cavity rotor that can be turned into a heavy magnetic rotor.
Fabrication issues and challenges, as well as solutions, for each of the seven wafers
were described. Furthermore, a solder-filling and polishing method, useful for both
creating a heavy rotor and decreasing the imbalance of a magnetic rotor, was de-
scribed, although it was noted that the method requires further optimization before
being fully functional. The turbogenerator device is then presented as an extension
to the heavy bearing rig, with the only required modifications being in the lower die.
It should be emphasized that although clamping the two halves of the heavy
bearing rig and turbogenerator devices together allows the devices to be characterized
without the low-temperature bond being established (see Chapter 7), future builds
should attempt to resolve this bonding issue. A clamped device suffers from non-
consistent behavior when the package is opened each time, making system debugging
very difficult. Furthermore, because the interface between the upper and lower die is
compliant, the actual thrust bearing gap cannot be easily ascertained. Finally, even
though a clamped device provides easy access to the rotor, it also allows dirt particles
to land on the die surfaces. Thorough solvent cleans are therefore required each time
the device is opened up.
Besides the low-temperature bond, there are other fabrication technologies that
were not successfully implemented. It is therefore useful to categorize the technologies
introduced in this chapter as either successfully implemented, possible to implement if
given more resources, or difficult to make work. Table 6.1 provides a summary on the
current status of individual technologies, and suggestions for further improvements
are given where appropriate. For technologies that impact the power generation
capability of the turbogenerator, the table shows the power hit that was taken.
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CHAPTER 7
EXPERIMENTAL TESTING OF HEAVY
BEARING RIG DEVICE
Today's scientists have substituted mathematics for experiments, and they wander off
through equation after equation, and eventually build a structure which has no relation
to reality.
-Nikola Tesla
7.1 Introduction and Motivation
Chapter 2 through Chapter 6 focused on the theoretical design and fabrication pro-
cess of the fully-integrated turbogenerator. Although it is tempting to proceed to
power generation tests using the fabricated devices, it is important to characterize
the behavior of the gas thrust and journal bearings independently from the mag-
netic and winding components because the magnetic rotor is the heaviest and most
imbalanced rotor yet to be spun on the MIT gas bearings. This is also the first in-
stance where a non-silicon rotor is tested on these integrated bearings. Performing
this additional characterization allows the problems associated with the bearings to
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be decoupled with problems associated with the magnets and windings. Important
issues include the verification of the balancing protocol implemented in Chapter 5,
which is necessary for rotor inversion.
Based on this discussion, the heavy bearing rig dies, which share the same upper
die with the fully-integrated turbogenerator but have a lower die without stator lami-
nations and winding feedthrough holes, are tested first, and experimental results and
insights form the basis of this chapter. Because the eutectic low-temperature bond
results in devices that could not go supercritical (the author conjectures that the
bonding process induces stress in the die that alters the thrust bearing clearance and
tilt), test results shown in this chapter are based on clamped devices held together
by compression only. The clamped devices are capable of supercritical operation, and
leakage across the clamping interface is minimized because the eutectic material is
soft and conforms when compressed. Also note that solder-filling is not used.
Three types of rotors are used throughout this chapter. The first type, a solid
silicon rotor with no cavities, are fabricated on the same wafers as the magnetic rotors
to serve as a baseline test. These rotors are lighter than the magnetic rotors due to
the absence of magnets and weigh approximately 243 mg. On the other hand, the
other two types of rotors are both magnetic, but one of them does not contain any
rotor back iron. The rotor without back iron weighs about 323 mg while the rotor
with back iron weighs about 331 mg. For both magnetic rotors, super glue are used
to affix the magnetic components inside the rotor cavity. All three rotors described
above have been successfully operated at supercritical speeds.
7.1.1 Objectives and Scope of Chapter
This chapter provides the reader with an understanding of the experimental setup and
testing procedure for the heavy bearing rig. For comparison purposes, both the solid
silicon rotor and the heavy magnetic rotors will be discussed, although it will become
apparent that their behaviors are quite similar. The following topics are covered.
1. Characterizing the journal bearings using low-speed spin tests. Specifically,
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deduce the journal bearing natural frequency and compare it to the predicted
values. See Section 7.3.2 and Section 7.3.3 for details.
2. Quantifying the effect of rotor polishing on the overall imbalance. The discus-
sion on this topic can be found in Section 7.4.
3. Demonstrating supercritical operation for both the solid silicon rotor and mag-
netic rotors, and documenting the required protocol for high-speed operations.
See Section 7.6 for details.
7.1.2 Chapter Organization
To provide a foundation for the discussions that follow, the complete gas flow setup for
the heavy bearing rig is discussed first. This is followed by static flow tests performed
on the forward and aft thrust bearing, which lead to the discussions of undesired aft
side bearing pad deformation and the effect of mismatched orifice diameter. These
tests also provide insights into the best way to axially center the heavy rotors. The
low speed journal bearing characterization follows, with the emphasis being the de-
termination of the bearing natural frequency. After a brief discussion on the effect of
rotor polishing, the chapter concludes with the demonstration of supercritical opera-
tion for both the solid silicon rotor and heavy magnetic rotors, as well as a proposal
on how the fully-integrated turbogenerator should be operated.
7.2 Gas Flow Setup
To facilitate the discussions on static flow tests and high-speed operation of the heavy
bearing rig, it is useful to briefly describe the test stand setup. As mentioned in
Section 6.7, the device being tested is enclosed in a Plexiglas package with metal
tubulations. Fig. 7-1 shows how the compressed gas is delivered to the device in
order to operate both the gas bearings and the turbine. In this diagram, P represents
a pressure sensor, MFM represents a mass flow meter, and MFC represents a mass flow
controller. The mass flow meters attached to both the forward and aft thrust bearings
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Figure 7-1: Experimental setup for heavy bearing rig testing. P represents a pres-
sure sensor, MFM represents a mass flow meter, and MFC represents a mass flow
controller. For the layer names, refer to Fig. 2-2.
are 500 seem 179A MKS units (± 5 sccm), and the respective pressure sensors are
242PC250G units from Honeywell (± 0.625 psi). On the other hand, the turbine inlet
and balance plenum are connected to 20000 seem 1479A MKS units (± 200 sccm),
since large flows are expected for accelerating the heavy rotor to high speeds, and the
pressure sensors are PX209-060G units from Omega (± 0.15 psi). 5000 sccm M100B
MKS (+ 50 sccm) are connected to each of the four journal bearing plena, and the
pressure sensor used are PX209-030G units from Omega (± 0.075 psi). Finally, the
interrow pressure tap is measured by PX209-015G unit by Omega (± 0.0375 psi).
The connections between the sensors, meters, and controllers to the package are
established using plastic tubings one-eighth inch in diameter. Special adapters are
used for both thrust bearings because they experience relatively high pressures and
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the plastic tubings tend to pop off from the metal tubulations, which is catastrophic
during high-speed tests. Note that the pressure drops in the plastic tubulations are
calculated to be small for all cases of interest and are subsequently ignored.
7.3 Static Flow Tests
Static flow tests are performed with the rotor being stationary, meaning that both
the turbine air and the journal bearing feeds are disabled. Although the journal
bearing air is not meant to power the turbine, it causes the rotor to spin because
a fraction of the air passes through the rotor blades and vents from the forward
exhaust. The remaining air vents from the turbine inlet, which is disconnected.
These tests determine whether the silicon structures have been fabricated to the
desired specifications and identify potential pitfalls that must be accounted for before
the high-speed spin tests are performed.
7.3.1 Thrust Bearing Characterization
The forward and aft thrust bearings in both the heavy bearing rig and fully-integrated
turbogenerator provide axial and tilting stiffness to center the rotor during high-speed
operation. Although their natural frequencies are high and not of particular impor-
tance, their behavior is strongly dependent on the orifice diameters. In Section 6.5,
the author notes that even with careful control during fabrication, the forward thrust
bearing orifices are 10.5 pm in diameter while the aft thrust bearing orifices are 9.5 pm
in diameter. It is important to determine the impact of this 1 /m difference in order
to finalize the protocol for high-speed operations.
Thrust Bearing S-Curves
A useful metric to understand the interactions between the forward and the aft thrust
bearings is a set of plots known as s-curves. This static flow test is performed with
only the thrust bearing pipings connected, meaning that the rotor is at rest. The
test is performed by fixing the thrust bearing of interest at a constant pressure and
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Figure 7-2: Forward thrust bearing s-curve for solid silicon rotor. The curves for
10 and 20 psi are close to the expected results, based on the simulated 30 psi curve
provided by Teo [45].
measuring the volumetric flow rate through that bearing while the pressure on the
opposite thrust bearing is varied. For ease of referencing, the s-curve for a particular
thrust bearing means that the bearing being referenced is under constant pressure.
To make the concept easier to understand, consider the s-curve for the forward
thrust bearing. Initially, no pressure is applied to the aft thrust bearing, so the rotor
sits in the fully-down position, and a high flow rate is observed on the forward side.
As the pressure is gradually increased on the aft side, the rotor begins to traverse
upward, and eventually, the aft pressure is so high that the rotor sits fully-up. At
this point, the flow rate on the forward side is at a minimum. In fact, the flow should
be zero if the thrust bearing pads are flat and clear of contaminants.
Fig. 7-2 and Fig. 7-3 show a pair of s-curves for the heavy bearing rig operated
with a solid silicon rotor. For both curves, the bearing flow rates decrease as the
pressure on the opposite bearing is increased, indicating that the thrust bearings are
working. However, notice that the decrease in flow rates is more pronounced for the
forward thrust bearing, and when the aft thrust bearing is set to a constant 20 psi
in Fig. 7-3, increasing the forward thrust bearing pressure has almost no effect on
the aft thrust bearing flow beyond a certain point. This 20 sccm flow rate cannot be
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Figure 7-3: Aft thrust bearing s-curve for solid silicon rotor. The curve for 20 psi
shows almost no response to the increase in forward thrust bearing pressure beyond
25 psi, and note that the flow rates are approximately half that for the forward thrust
bearing.
attributed to leakages in the package or device bonding interface because the 10 psi
aft thrust bearing curve, as well as both forward thrust bearing curves, indicate that
these leakage sources are on the order of 5 sccm. At the same time, the flow rates
measured on the aft thrust bearing is approximately 63% the flow rates on the forward
thrust bearing. Based on these observations, there are two anomalies that must be
explained. First, one needs to understand why the aft thrust bearing does not close
even with a large pressure applied on the forward side. Second, the reason behind
the difference in flow rates at equal pressures must be determined.
Undesired Bulging Due to Thin Membranes
To arrive at a reasonable explanation for the inability to close the aft thrust bearing
even with high forward side pressure, one must realize that the problem is asymmetric
- it does not occur to the forward thrust bearing - and it is pronounced only when
the aft thrust bearing pressure is set higher than 10-15 psi. Based on these two
observations, Ehrich proposed that the problem likely stems from undesired bulging
on the aft thrust bearing as the aft side pressure is increased [15]. This explains
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Figure 7-4: Deformation of aft thrust bearing pad due to applied pressure. The max-
imum deflection occurs at the center of the pad, and the deformation is proportional
to the applied pressure. Note that the deflection is depicted as being downward in
the picture, but the pad actually deflects upward toward the forward side.
the asymmetry because the center of the forward thrust bearing has a support post
connecting the pad to features on L1, which minimizes deformation on the forward
side. Furthermore, the link between leakage and pressure is established because the
aft side deformation is negligible at low pressures.
To quantify this explanation, a calculation of the aft thrust bearing pad deforma-
tion is performed. The setup of the problem is shown in Fig. 7-4, and it is assumed
that the aft thrust bearing pad represents a thin, circular silicon membrane with
thickness tatb deforming under a pressure distribution qatb. It is assumed that the
opposite side of the membrane is vented to atmosphere and that numerical values of
qatb are gauged. Furthermore, a fixed boundary condition with zero slope is assumed.
According to Young [55], the miaximuin deflection of the membrane occurs at the
center, and the value of this deflection is
4
Watb,max atb (7.1)Wtbmax 64D
where ratb is the radius of the thrust bearing pad. In Eq. (7.1),
D = Esittb(7.2)
12 (1 - vý2) '(7.2)
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Figure 7-5: Simulated aft thrust bearing pad deformation as a function of pad thick-
ness and applied pressure. For a 90 Lm pad, applying 50 psi of pressure will cause
the aft thrust bearing to completely close off the 6 /im bearing clearance.
with Esi and Vsi being the Young's modulus and Poisson's ratio for silicon respectively.
For the aft thrust bearing, tatb = 120 pm, ratb = 1.9 mm, Esi = 179 GPa, and
v,i = 0.27. Given these values, D = 0.0278.
Fig. 7-5 shows the maximum aft thrust bearing pad deformation as a function
of applied pressure for various pad thicknesses. From the plot, it is apparent that
a 120 Mm thick pad under 20 psi of pressure will already experience a deformation
of 1 jim, and at 70 psi pressure, half the bearing clearance is occupied by the pad
deformation. If the pad is 90 Atm thick, an applied pressure of 50 psi will result in
the bulge completely closing off the 6 tim bearing clearance, which is unacceptable.
To relate the deformation to the observed aft thrust bearing leakage at 20 psi, it is
important to note that the bearing orifices are situated on the periphery of the pad,
so as the pad deformation worsens, the rotor cannot fully cover the orifices in its
fully-down position. One can quantitatively confirm that the fully-down position is
changed by measuring the aft thrust bearing leakage for different applied pressure;
a higher pressure should result in increased leakage. This is indeed observed during
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(a) Aft bearing overview (b) Zoomed into center
Figure 7-6: SEM photos of aft thrust bearing grounded in the center due to the
heavy bearing rig being operated with high aft thrust bearing pressure. The location
of the damage provides supporting evidence that the thrust bearing pad deforms with
pressure.
experimental testing, corroborating the theory that the pad experiences deformation
at high pressures.
Fig. 7-6 shows two SEM photos taken for a heavy bearing rig device operated
before the aft side deformation was fully understood. For this die, high aft side pres-
sure up to 50-60 psi was applied, and based on Eq. (7.1), large aft side deformations
are expected. From the photos, it is apparent that the center of the bearing pad
experienced grinding action from the rotor, and assuming that the rotor surface is
flat, this grinding can occur only if the pad is bulged in the center. This provides
further evidence that aft side deformation is happening.
The same aft thrust bearing design is used by Teo for the micro bearing rig,
and it is worthwhile to understand why this problem did not arise during the micro
bearing rig tests. For comparison purpose, the aft thrust bearing pad used by Teo
has a similar thickness around 120 pm but is much smaller in the radial direction,
approximately 750 ym. Using these numbers with an applied pressure of 50 psi in
Eq. (7.1), Watb,max = 0.061 pm, which is negligible. The result makes sense because
Watb,max depends on the fourth power of pad radius, so the increased pad size for the
turbogenerator has a significant imnpact on the deformation.
To sidestep the aft side deformation without having to fabricate another set of
7.3. Static Flow Tests 223
IuU -
E 90-
80-
7 0-
a 60-
S50 -
P 40-
2
30-
S20-
o0
* Rotor Fully Down
* Equal Bearing Pressure A
A Equal Bearing Flow
, l l i , l lA
0 5 10 15 20 25 30 35 40 45 50
Forward Thrust Bearing Pressure (psi)
Figure 7-7: Forward thrust bearing flow as a function of forward side pressure. As
expected, the flow for a fully-down rotor is greater than cases where the aft side is
pressurized.
devices, the aft thrust bearing pressure is limited to a maximum of 15 psi. As Fig. 7-5
shows, this sets the upper bound of pad deformation at approximately 2 mm, which
is marginally acceptable given the nominal thrust bearing clearance of 6 pm. Based
on experimental results presented in Section 7.6, such pressure limitation still allows
the silicon rotors to operate supercritically.
Effect of Orifice Diameter on Bearing Performance
The pad deformation due to applied pressure explains the aft thrust bearing leakages
at aft side pressure, but it does not explain why the aft thrust bearing flow for the
rotor fully-up position is half the forward thrust bearing flow for the rotor fully-down
position. This phenomena is observed in Fig. 7-2 and Fig. 7-3 by examining the flow
rates when zero pressure is applied on the opposing bearing. Another way to examine
this issue is to plot the flow rate through each thrust bearing as a function of the
bearing pressure. This is different from the s-curves because the plotted flow rate
and pressure are for the same bearing. Fig. 7-7 and Fig. 7-8 show the plots for the
forward and aft thrust bearing respectively, and one again sees that for the same
bearing pressure, the flow rates in the forward side is twice that of the aft side.
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Figure 7-8: Aft thrust bearing flow as a function of aft side pressure. Although the
rotor fully-up flow rates are initially higher than tile rates measured when the forward
side is pressurized, they converge as the aft thrust bearing pressure is increased.
To explain the difference in flow rates, it is necessary to analyze the thrust bearing
orifice using fluid dynamics. Teo performed extensive modeling of the orifice flow
using compressible, isothermal, fully-developed viscous flow [46], and the equations
are based on those presented by Shapiro [40]. A similar approach is applied here, and
the focus is on the different orifice diameters for the forward and aft side, with the
forward thrust bearing being 10.5 pm in diameter and the aft thrust bearing being
9.5 yim in diameter. Intuitively, the larger orifice will result in more flow for the same
applied pressure, although it is important to ascertain whether the 1 pim difference
explains the doubling of flow rates. To simplify the analysis. it is assumed that the
externally measured pressure is a good representation of the thrust bearing plenum
pressure. This is based on the fact that the pipings leading up to both thrust bearing
plena are wide and have minimal pressure drops. The first significant pressure drop
occurs when the nitrogen is forced to flow from a relatively large bearing plenum into
forty circular orifices, and this pressure drop is described by
2 ,7r ( )2]2 '(73
where (or = 1.6 is a correction factor based on the ratio of the plenum area to the
orifice area, p is the corrected density, Qor is the volume flow through one orifice, and
Dor is the orifice diameter [23]. The second pressure drop that must be accounted for
is that experienced by the nitrogen as it flows through the individual orifices. Based
on the derivations by Shapiro [40], this pressure drop can be modeled as
4forLor 1- Pin 24f-o - In P (7.4)
Dor "M r Pout
where for = 0.2462 is a correction factor, Lor is the length of the orifices, Pin is the
pressure at the entrance of the orifice, Pout is the pressure at the exit of the orifice,
and Mor is the Mach number at the entrance. Based on Eq. (7.3) and Eq. (7.4), the
assumption that Lor = 100 pnm, and the appropriate orifice diameters, the ratio of
forward side to aft side flow rates is expected to be approximately 1.4. On the other
hand, experimental data indicate that the actual ratio of the flow rates is around 1.6,
which is reasonably close to the calculated value.
In conclusion, the diameter of the thrust bearing orifices has a strong impact
on the thrust bearing flow. This means that the forward and aft thrust bearing
orifices should be matched as well as possible to increase axial symmetry. Despite
the mismatch observed in the heavy bearing rig device, an accurate measurement of
the orifice diameter allows one to explain the difference in thrust bearing flow rates,
which is sufficient for the purpose of successful supercritical operation.
Protocol for Centering Rotor Axially
During the operation of the heavy bearing rig and the fully-integrated turbogenerator,
it is important to keep the rotor roughly centered axially to ensure that it does not
crash against the thrust bearings. For the previous bearing rig designed by Teo,
the forward and aft thrust bearings are operated using a relatively high pressure of
50-60 psi to obtain maximum axial and tilting stiffness. Furthermore, because Teo's
devices had similar forward and aft orifice diameters, s-curves could be used to center
the rotor initially, and the flow rates could be held constant to maintain the centered
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Figure 7-9: Isotropic journal bearing mass flow as a function of Ap. The data points
are collected while the rotor is spinning at a low speed of a few thousand rpms.
position. Unfortunately, this protocol cannot be applied to the heavy bearing rig
rotors.
Because it is difficult to rely on the flow rates for axial centering, the protocol
used for the heavy bearing rig, and subsequently transferred to the fully-integrated
turbogenerator, involves monitoring the pressures and flow rates at which the rotor
begins to spin and stops spinning. Specifically, the aft thrust bearing is set to a
relatively low pressure, around 10 psi, to sidestep the issue of bearing pad deforma-
tion. Then, with journal bearing air applied, the forward thrust bearing pressure
is gradually increased until the rotor moves away slightly from the forward bearing
pad and begins to spin. The pressures and flow rates for both bearings are recorded.
As one continues to increase the forward side pressure, the rotor will eventually stop
spinning, and the pressures and flow rates for both bearings are once again recorded.
By averaging the beginning and ending aft thrust bearing flow rate and setting the
forward side pressure to achieve this average, the rotor is roughly centered axially.
7.3.2 Journal Bearing Characterization
The focus thus far has been on the gas thrust bearings, but it is also important to
understand whether the journal bearing is fabricated with the expected clearance.
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Figure 7-10: Theoretical journal bearing mass flow as a function of Ap. These values
are much smaller than the experimentally measured flow, an indication that the
journal bearing in the heavy bearing rig leaks. (Courtesy of Chiang Juay Teo [45])
For the previous micro bearing rig device designed by Teo [46], the isotropic journal
bearing mass flow as a function of Ap was experimentally determined and compared
to curves derived for various journal bearing clearances. Based on the closest match,
the bearing clearance was determined. Typically, the journal bearing flow measured
externally splits into two paths after entering the device - one goes vertically across
the journal bearing and the other goes across the labyrinth seals. Because the mass
flow of the theoretical curves represents only the vertical component, Teo blocked the
thrust balance piping and measured the aft exhaust flow in order to determine the
leakage component. However, this technique cannot be applied to the heavy bearing
rig because the aft exhaust is vented directly to ambient.
In an attempt to overcome this problem, Jacobson suggested that the thrust bal-
ance plenum be pressurized to the journal bearing plena pressure in order to minimize
the leakage across the labyrinth seals [25]. Fig. 7-9 shows the mass flow rates as a func-
tion of Ap taken with the thrust balance pressure equal to the journal bearing plena
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pressures. It is instructive to compare these results with the theoretical predictions
calculated by Teo for various journal bearing clearances, as shown in Fig. 7-10 [45].
Based on the experimental data, the journal bearing mass flow rate is approximately
2000 sccm for Ap = 0.25 psi, but this number corresponds to a journal bearing with
clearances greater than 45 pm according to the theoretical data. This is unreasonable
given that the target journal bearing clearance is 30 ym, and SEM photos shown in
Section 6.2 confirm that the fabricated width is close to the expected value. The
resolution of theory and experiment lies in journal bearing leakage.
Even though leakages in the journal bearing does not impact the overall heavy
bearing rig performance significantly, as Section 7.6 shows, it is useful to understand
potential leakage sources in the device. The most apparent explanation is the fact
that the upper and lower dies are clamped together with screws instead of being fully
bonded during testing. As explained in the introduction of this chapter, carrying out
the eutectic bond resulted in devices that could not invert, so it was decided that
the devices would be clamped. Although the pliant eutectic material press together
to form an ad hoc seal between the upper and lower dies, there are no experimental
data proving that this seal is robust. It is likely that the eutectic interface leaks with
increasing flow and pressure in the journal bearing plena. The second source of leakage
comes from the radial component that is not fully eliminated. Because some labyrinth
teeth broke during earlier characterization of the heavy bearing rig die, the pressures
in the four journal bearing plena are not equal. Therefore, even though pressurizing
the thrust balance plenum minimizes the seal leakage, this leakage source is not
removed. Because it is nontrivial to eliminate these two sources of leakage, the mass
flow rate versus Ap data are not used for deducing the bearing clearance. Instead,
the clearance is deduced from the measured journal bearing natural frequency, as
described in Section 7.3.3.
7.3.3 Bearing Natural Frequency
The journal bearing natural frequency is not only an important parameter in de-
termining when the transition from subcritical to supercritical speeds occur, it can
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Figure 7-11: Experimentally measured and theoretical journal bearing natural fre-
quencies for the solid silicon and heavy magnetic rotors. As expected, the heavy
magnetic rotor has a lower journal bearing natural frequency, but note that it is dif-
ficult to obtain natural frequency data at high Ap because the journal bearing air is
sufficient at those settings to accelerate the rotor to supercritical speeds even without
turbine input enabled.
also be used to determine the fabricated bearing clearance. For the previous bearing
rig [46], the plot of bearing natural frequency as a function of Ap is obtained by
increasing the rotor speed using turbine air until a dip in Ap is observed. These
dips are associated with rotor whirling, which decreases the journal bearing hydraulic
resistance, near the natural frequency. Unfortunately, it is difficult to observe this
phenomenon for both the clamped solid silicon rotor and magnetic rotor, possibly
due to the rotors being well-balanced.
To determine the journal bearing natural frequency for the heavy bearing rig, a
solid silicon rotor device die bonded using the eutectic interface is used. Coinciden-
tally, because the eutectic bonding procedure makes the device unable to invert, as
described in the introduction, one is able to find a speed at which the rotor whirls
and hits the journal bearing sidewall, resulting in a sudden deceleration. This speed
changes as a function of Ap and corresponds to the natural frequency. This data is
plotted in Fig. 7-11 and compares favorably to a journal bearing with 28 Ym clearance
operating a 243 mg rotor.
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Because the eutectic bonding procedure negatively affects device performance,
it is subsequently abandoned, but one still needs a method to confirm the natural
frequency for other devices. Therefore, a second method, slightly more restricted
than the first, is developed and tested using a heavy magnetic rotor without back
iron clamped between the upper and lower dies. This method relies on the fact that
when the turbine inlet is vented and the journal bearing is pressurized in such a way
that Ap is low, the rotor operates comfortably below the transcritical region. Without
changing the journal bearing settings, the turbine inlet is connected but not turned
on, which forces the journal bearing flow that initially vented out the turbine inlets
to flow through the rotor blades instead, thereby increasing the rotor speed. If the
speed at this point is still slightly below the inversion point, the turbine air can be
increased slowly, and as the rotor reaches the journal bearing natural frequency, its
speed will stop increasing even with increasing turbine air. If one continues to ramp
up the turbine air, the rotor speed will suddenly increase, indicating inversion. Based
on this experiment at various Ap, the natural frequency plot can be obtained. The
result of applying this protocol to the clamped magnetic rotor is shown in Fig. 7-11.
This technique can only be applied at relatively low Ap because the rotor is already
supercritical when the turbine is connected for high Ap. Unfortunately, the technique
also does not work well at extremely low Ap because the rotor does not spin smoothly
with too little journal bearing air. Therefore, only one data point corresponding to
Ap = 0.1 is shown, and one can see that it corresponds well to a 28 Am journal
bearing operating a 323 mg rotor.
7.4 Effect of Polishing on Rotor Performance
At this point, it is of interest to briefly describe the circumstances leading to the
abandonment of the solder-filling procedure for the magnetic rotor. Based on the
analysis in Chapter 5, solder-filling reduces the overall imbalance by as much as 90%,
and the filling procedure was applied to a cavity rotor. The cavity rotor was filled
with solder and polished until the oxide on the thrust bearing pad was exposed,
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Figure 7-12: Spin-down test for solid silicon rotor. The rotor speed is initially sup-
ported by both the turbine air and journal bearing flow, and deceleration is induced
by suddenly shutting off the turbine air supply.
which required more than 90 hours of polishing. Upon testing in the heavy bearing
rig, however, the polished rotor could not invert under a variety of thrust and journal
bearing settings. On the contrary, non-polished rotors, including the solid silicon
rotor and both heavy magnetic rotors, all achieved supercritical speeds. These results
indicate that the polishing procedure implemented in this thesis does not result in
a sufficiently uniform surface, which leads to excessive rotor imbalance. Additional
studies are required to refine and optimize the polishing procedure so it can be used
with the magnetic generator.
7.5 Spin-Down Tests
In an attempt to identify further performance differences between the solid silicon
rotor and the heavy magnetic rotors, spin-down tests are performed for both types of
rotors. For simplicity, only the heavy magnetic rotor without back iron is tested. In
these tests, the rotor speed is initially supported by both the turbine air and journal
bearing flow, and a suddenly deceleration is created by shutting off the turbine air
supply. After the turbine air is removed, viscous losses, mainly in the forward and
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Figure 7-13: Comparison of solid silicon and heavy magnetic rotor without back iron
spin-down tests. Even though the mass differs by 80 mg, the spin-down tests show
no significant differences.
aft thrust bearings, exponentially slow the rotor down. A sample family of curves for
the solid silicon rotor is plotted in Fig. 7-12; the different starting speeds are created
by varying the initial flow rate of turbine air.
To compare the two rotors, spin-down tests are also performed for the heavy
magnetic rotor without back iron, and the curves are corrected for horizontal offsets
(i.e. to equalize the t = 0 point) and superimposed on each other. This is shown in
Fig. 7-13 for the 5 krpm curves, and it is apparent that the two rotors, which have a
moment of inertia difference of 37% based on theoretical calculations, do not exhibit
any significant differences in spin-down behavior. This result is possible only if the
losses are different for the two rotors. To verify that this is possible, the Couette
flow viscous losses in the forward and aft thrust bearings need to be quantified. By
adapting Eq. (2.5) for the thrust bearings,
Pvisc,tb = m Rtb (7.5)2 ttb
where Rtb = 1.9 mm and ttb is the single-sided clearance. Fig. 7-14 shows the simu-
lated viscous losses at 5 krpm due to both the forward and aft thrust bearings as a
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Figure 7-14: Net viscous losses due to the forward and aft thrust bearings. This
plot is generated for a rotor spinning at 5 krpm with a double-sided thrust bearing
clearance of 6 /m. In particular, the lowest viscous loss is obtained when the rotor is
perfectly centered in the axial direction.
function of the aft thrust bearing clearance. Note that the total clearance is fixed at
6 pm, so the 3 pm aft thrust bearing data point corresponds to a perfectly centered
rotor. Based on this graph, the viscous loss can vary by 43% depending on how
well the rotor is centered. This compares favorably with the difference in moment
of inertia between the solid silicon and magnetic rotor, meaning that the observed
spin-down test data is reasonable.
7.6 Supercritical Rotor Operation
The analysis and experimental results presented so far help the operator of the heavy
bearing rig interpret the mass flow rates and pressures reported by the sensors, but
the demonstration of supercritical rotor operation using the heavy bearing rig is even
more important because the fully-integrated turbogenerator cannot produce appre-
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Figure 7-15: Three supercritical runs using the solid silicon rotor. The predicted
journal bearing natural frequency and the whirl stability limit computed using a
whirl ratio of 23 are also shown in the picture. For the three runs, only the first run
was halted due to a crash; the other two runs could have continued to higher speeds.
ciable amounts of power operating subcritically. Although both the solid silicon and
magnetic rotors are capable of operating supercritically, only the solid silicon rotor
was accelerated to appreciable speeds due to concerns that the only two available
magnetic rotors would be lost during accidental crashes before power generation is
demonstrated.
Fig. 7-15 shows the result of three supercritical runs using the solid silicon ro-
tor along with the predicted journal bearing natural frequency and a whirl stability
boundary estimated using a whirl ratio of 23 [45]. These tests are carried out after
centering the rotor axially using the rotor start-stop scheme described in Section 7.3.1.
As one can see, all three runs resulted in rotational speeds bounded by the journal
bearing natural frequency and the whirl stability limit. Of the three runs, only the
first resulted in a rotor crash, which chipped the rotor and parts of a labyrinth seal
tooth. The second run could have gone to higher speeds, but in order to minimize
the risk of a fatal crash destroying the stator die along with the rotor (recall that the
upper die is shared between the heavy bearing rig and the fully-integrated turbogen-
erator), the rotor was not further accelerated. It is interesting to note that the Ap
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Figure 7-16: Supercritical runs using magnetic rotor with back iron. The predicted
journal bearing natural frequency and the whirl stability limit computed using a whirl
ratio of 23 are also shown in the picture. For comparison purposes, a high-speed solid
silicon rotor run is also shown.
at which rotor inversion occurs is relatively low for the three runs - below 0.15 psi
in all cases. Also notice that the rotor speeds were taken well above the predicted
journal bearing natural frequency using turbine air before the Ap was increased in
order to prevent the rotor from accidentally reverting back to subcritical operation.
Given that the fully-integrated turbogenerator is expected to operate at 360 krpm,
the second run achieves about 15% of the target speed.
The heavy magnetic rotor with back iron, which will be the rotor transferred
to the fully-integrated turbogenerator die for power generation tests, is also shown
to operate supercritically in Fig. 7-16. As mentioned at the start of this section,
the magnetic rotor with back iron is not taken to higher speeds because only one
specimen is available. Nonetheless, one sees that the maximum speed achieved here,
approximately 10 krpm, is well above the predicted journal bearing natural frequency.
This supercritical run shows that even without solder-fill, the rotor balancing scheme
outlined in Chapter 5 is sufficient.
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7.7 Recommendations for Heavy Rotor Operation
Based on the experimental results and insights gained from the heavy bearing rig
device, a set of operation protocols is hereby presented for use with the fully-integrated
turbogenerator. These protocols are intended to overcome shortcomings in the device
design and fabrication while still allowing the device operator to achieve the high
speeds required to generate power. Specifically, the following guidelines should be
followed.
1. To avoid undesired aft side deformation, the aft thrust bearing pressure must
be limited to a maximum of 15 psi.
2. Given the asymmetric orifice diameters, axial centering should not be ascer-
tained using flow rates and pressures alone. Instead. the rotor start-stop pro-
cedure described in this chapter should be used.
3. Rotor inversion should happen during low-speed spin-up by setting the journal
bearing air high enough and connecting the turbine inlet. By keeping the rotor
in the supercritical regime during subsequent operation, potential crashes due
to journal bearing sidewall contact are avoided.
4. Once the rotor is a few thousand rpms above the natural frequency at low Ap
- perhaps 10 krpm or so - the Ap should be increased to approximately 0.3
before the turbine air is further increased. Subsequently, the Ap and turbine
air are increased alternatively until the desired speed is achieved.
5. Rotor polishing should be avoided to prevent excessive rotor imbalance.
7.8 Summary
In summary, the chapter provided experimental methodologies and results pertaining
to the heavy bearing rig devices. Given that the fully-integrated turbogenerator shares
most of the features with the heavy bearing rig, many insights gained from these
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testing apply directly to the generator devices. Specifically, static flow tests revealed
that the aft thrust bearing pad does not have sufficient mechanical stiffness and
deforms when excessive bearing pressure is applied. Furthermore, the tests confirmed
that one cannot simply use the flow rates and pressure readouts to axially center the
solid silicon and magnetic rotor due to a 1 ym mismatch in forward and aft thrust
bearing orifice diameter. To overcome these problems, the author proposed that the
aft side pressure be limited to about 15 psi and the axial centering be performed using
a rotor start-stop scheme. Finally, the static flow tests showed that leakage in the
journal bearing plena is a concern.
Supercritical operations for both the solid silicon rotor and magnetic rotors were
demonstrated using a clamped device. These test results indicate that accelerating
the magnetic rotor to the design speed of 360 krpm seems feasible and that the
supercritical operating procedures developed by Teo [46], which call for alternatively
increasing the turbine air and journal bearing flow, work. Furthermore, during the
process of testing the different rotors, the journal bearing natural frequency was also
experimentally determined and found to match the theoretical predictions. Based on
the successful supercritical runs, the author presented a set of heavy rotor operation
recommendations that should be applied to the fully-integrated turbogenerator.
The results from this chapter are encouraging, and they suggest that despite
the increase in mass and imbalance of the silicon and magnetic rotors tested in the
heavy bearing rig, operating protocols and bearing theories developed by Liu and
Teo continue to apply. Based on the experimental data from the heavy bearing rig,
power generation is feasible - one only needs to swap in a magnetic stator containing
surface windings to capture flux and deliver power to external loads. However, it is
imperative that the windings do not interfere with the axial centering of the rotor.
In other words, the surface windings must not have undesired protrusions that cause
the rotor to be stuck axially in the best case or crash in the worst case.
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CHAPTER 8
EXPERIMENTAL TESTING OF
INTEGRATED TURBOGENERATOR
Our observation of nature must be diligent, our reflection profound, and our experi-
ments exact. We rarely see these three means combined; and for this reason, creative
geniuses are not common.
-Denis Diderot
8.1 Introduction and Motivation
Given the successful heavy bearing rig operation in Chapter 7, it is now appropriate
to swap out the lower die and replace it with a turbogenerator die containing the
drop-in surface winding for power generation. The initial generator design includes a
laminated NiFe stator core on the lower die to increase mechanical-to-electrical energy
conversion efficiency, but as of this writing, the 1 mmn NiFe electroplating technology
has proven difficult to implement (see Section 6.4.1). As explained in Section 6.6.2,
the laminated stator dies cannot be used without the electroplated NiFe because they
are otherwise mechanically weak - a slight o-ring compression causes the aft thrust
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bearing pad to deform and close off the 6 ym thrust bearing clearance. Therefore,
heavy bearing rig lower dies, which are stronger mechanically, are modified for use
with the turbogenerator. Six rectangular holes are micromachined on the dies using
a Resonetics laser system so the dies can accept the drop-in winding feedthroughs.
For details on the Resonetics process, refer to Section 8.2. Note, however, that the
lack of a laminated stator core results in a 75% reduction in power output capability.
With these modifications, 19 mW of three-phase power is delivered to matched
resistive loads with the device operating supercritically at 40 krpm. The device
was not tested at higher speeds due to stability issues. This is the first time that
supercritical operation has been demonstrated using a silicon magnetic rotor spinning
above surface-wound windings in a fully-integrated MEMS device. If the device is
operated at the design speed of 360 krpm, the expected output is 1.5 W. With the
addition of a laminated stator core, the expected power increases to 5 W.
Most of the packaging scheme has been described in Chapter 6, and the reader
is encouraged to revisit the relevant sections. However, one important difference not
detailed earlier is the soldering of two wires per winding connector. As will be appar-
ent throughout this chapter, the power delivered by the turbogenerator to a matched
resistive load (in other words, the load resistance matches the phase resistance) is an
important parameter to characterize, and having two leads per connector allows the
resistance of the soldered wires to be included as part of the load since the second
lead enables current-less voltage measurements at the winding feedthroughs.
Open-circuit voltage and output power are two important data associated with the
turbogenerator operation. Nonetheless, it will also be useful to assess the efficiency
at which the fully-integrated device converts mechanical torque generated by the
turbomachinery into useful electric energy. To that extent, this chapter will examine
power generation by the turbine as well as losses associated with the gas bearings.
8.1.1 Objectives and Scope of Chapter
Building upon the foundations established from the heavy bearing rig operation, the
goal of this chapter is to demonstrate turbogenerator device operation up to design
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speeds. At the same time, the electrical properties of the integrated device will be fully
characterized and compared to the theoretical design in order to assess the machine's
success. Specifically, this chapter examines the following subjects.
1. Laser machining process used to convert heavy bearing rig lower dies into tur-
bogenerator lower dies. This is described in Section 8.2.
2. Problems encountered during the drop-in surface winding insertion and methods
to resolve them. See Section 8.3 for details on this topic.
3. Characterization of the integrated turbogenerator, including open-circuit volt-
ages, effects of resistive loading, load matching, and conversion efficiencies. Re-
fer to Section 8.5 and Section 8.6 for experimental and simulated results. Note
that because the highest achieved speed is 40 krpm instead of the design speed
of 360 krpm, high-speed data are modeled.
8.1.2 Chapter Organization
The issues associated with assembling a functional turbogenerator lower die, including
the conversion of heavy bearing rig dies into generator dies and problems associated
with uneven drop-in winding topologies, are discussed first. Following that, a careful
assessment of the turbogenerator device at low speeds is presented. After the low-
speed characterization, the difficulties enlcountere(l whien attempting to bring the
device up to design speed are explained. Due to the inability to spin the device
all the way up to 360 krpm, the experimental data at low speeds are supplemented
with modeled data to explain the power generation capabilities at high speeds. The
end of the chapter discusses a series of modifications that can improve the machine
performance for future builds.
8.2 Resonetics Laser Micromachining
Because the laminated stator dies cannot be used without the etched cavities being
filled completely with electroplated NiFe, the heavy bearing rig dies are microma-
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Center not
(a) Front side (b) Aft side
Figure 8-1: Laser machined through-holes only partially completed due to premature
termination of machining process. Because the rectangular machining tool path re-
sults in the laser beam traversing the inner region of the through-hole twice per cycle,
the inner region etches through before the outer region of the hole completes.
chined with six through-holes to accommodate the drop-in winding connector tabs.
The Resonetics laser machining system is chosen for this task because the completed
heavy bearing rig dies contain complex surface topologies and cannot easily be coated
with photoresist for selective patterning using DRIE or wet processes. A large beam
reduction factor of 12 is chosen to increase the laser beam power density and acceler-
ate the silicon etch rate, given that 900 ;tm of material must be removed. A square
beam is used, although a circular beam will work equally well.
Results from an initial test cut are shown in Fig. 8-1, and it is apparent that the
front side, where the cut initiated, looks different than the back side, where the cut
finished. Furthermore, in Fig. 8-1(a), there are visible material deposits around the
hole being cut. In any laser machining system, the removed material redeposits near
the cut region, and the Resonetics is no different. To prevent the redeposited silicon
from adhering to the die surface, AZ4620 photoresist is painted by hand on both the
front and back surface near the cut regions before the laser is used. After the holes
are machined, the die is immersed in acetone, methanol, and isopropanol sequentially
and the contaminated surface is gently swabbed to remove the photoresist along with
the redeposited material. Microscope inspection after the cleaning process reveals
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(a) Focused on top (b) Focused on bottom
Figure 8-2: Uneven topographies on electroplated surface windings. The protrusions,
approximately 50 pm tall, prevent the magnetic rotor from spinning properly.
that no contaminants remain stuck to the surface.
More troubling is the apparent pinching in of the through-holes from the front side
to the back side. This is not acceptable because the winding connectors cannot be
threaded through the die and soldered from the back side. Initially, the imperfection
was attributed to the beam being out of focus near the end of the cut because the
required etch depth is 900 pm, but this possibility was ruled out when a new cut
performed with periodic refocusing also pinched in. Eventually, the problem was
traced back to the machining tool path, which was drawn to have the square beam
overlap in the inner regions to ensure that the laser cut did not leave a thin vertical
membrane in the middle. This caused the etch rate to be twice as fast in the center,
and because the machining was stopped when the center was etched through, the
outer regions did not finish. By increasing the machining cycle to twice the original
length, the deformation problem disappears and the rectangular hole is correctly
projected through the silicon die.
8.3 Issues Associated with Winding Topographies
As mentioned in Section 6.4.2, the copper surface windings are electroplated on a
separate wafer, released, and dropped into the turbogenerator die before being glued
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down using super glue. Nominally, the winding cavity in the silicon die is 250 im
deep and the windings are 150-200 pm thick. The slight difference between the cavity
depth and the winding thickness prevents the winding from protruding above the
eutectic bonding interface and scraping against the rotor during device operation.
However, due to imperfection in the electroplating process, the initial set of windings
contained uneven topographies, with protrusions as high as 50 Am, shown in Fig. 8-2.
Attempts to spin the turbogenerator dies containing these windings failed, even when
large flows were applied to the turbine inlet. This problem persisted even when a
silicon rotor without magnets was swapped into the die.
The author believes that some of the winding protrusions were situated beneath
the silicon rim, causing the rotor to be stuck in the fully up position. It is possible
to perform very light polishing of the windings in situ in order to remove the highest
protrusions, and this method was used to get the first turbogenerator device to spin.
Nonetheless, this post-processing is undesirable because fragile labyrinth seals are sit-
uated besides the windings, and even light polishing damages the seals. Furthermore,
the polishing process weakens the surface winding feedthroughs mechanically, which
leads to the connectors being pulled off during subsequent testing.
GIT resolved the winding protrusion issue by simultaneously thinning down the
windings and using new chemicals in the electroplating bath. The thinner windings
are approximately 150 jm thick, with a maximum protrusion height of 30-35 Jpm.
With these improvements, it is possible to retain a 20 Aim clearance between the
winding surface and the bonding interface so the rotor spins freely. Although no
satisfactory explanations exist as of this writing, GIT believes that the protrusions
arise from the multiple electroplating steps that the copper windings undergo since
the surface topography worsens after each step.
Despite the existence of protrusions, electrical characterizations performed by GIT
show that the overall winding fabrication is successful. The winding resistance for a
150-170 pm thick winding is approximately 310-350 mt. The winding inductance was
not characterized. Although there were some initial thoughts by GIT to incorporate
a 50 Im thin laminated back iron on the back of the windings so it can be dropped
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Figure 8-3: Effect of laminated stator core on power based on geometric parameters
described in Table 2.1. For this simulation, Br = 0.82 T and R. = 0.35 Q. Notice
that the power is essentially independent of the stator core thickness T,, for values
less than 200 pm and above 500 pm.
in together and partially make up the loss of the NiFe laminated core, this idea was
eventually abandoned because the thin back iron would not increase the output power
significantly. Fig. 8-3 shows the effect that the laminated stator core thickness has
on output power based on geometries described in Table 2.1. This graph reveals that
a stator core thickness below 200 /mn does not result in significant power increases.
8.4 Protocol for Turbogenerator Operation
Chapter 7 described in detail how to operate both a solid silicon rotor and a magnetic
rotor inside the heavy bearing rig device. Most of the operational techniques, includ-
ing axial centering, continue to apply to the turbogenerator device. However, there
are two key differences that must be addressed. First, due to through-holes cut into
the lower die to accommodate the surface winding feedthroughs, the thrust balance
plenum is vented to atmosphere, so axial balancing cannot be performed using the
thrust balance feed. It is possible to correct this weakness if the through-holes are
sealed with super glue or epoxy after the winding has been threaded through, but
this was not attempted. Second, the operating speed is dependent on the loading
8. Experimental Testing of Integrated Turbogenerator
6 ------- ------ ---- - -
4 -------.. ..... .. .... ... . ... .. .. .. . .... - .... ...... ..
24
4 ... ................................
10000 12000 14000 16000 18000 20000
Unloaded Rotational Speed (rpm)
22000 24000
Figure 8-4: Input power supplied by the turbine to the turbogenerator rotor as a
function of the unloaded rotor speed. For the unloaded condition, the power consumed
by the gas bearings is approximately equal to the input power. When the generator is
loaded and the turbine feed is kept constant, the bearing power consumption drops.
conditions instead of only on the turbine and journal bearing feeds.
In order to understand the magnitude of the speed reduction during loading and
prevent the magnetic rotor from falling out of supercritical operation, it is useful to
consider the input and output power of the turbogenerator. Mechanical shaft power
is extracted as the high pressure air expands through the turbine blades. Ignoring
the journal bearing flows for simplicity, the input power is
Pin = Wm7lf (routV 0,out - rinve,in ) (8.1)
where Wm is the rotational speed in rad/s, rh is the mass flow rate in kg/s, r is either
the inner or outer radius of the turbomachinery in m, and vo is either the inner or
outer circumferential velocity in m/s [25]. Two approximations are vein = 0 and
vo.out = wmrout. These approximations have been validated using velocity triangle
calculations for a stator blade exit angle of 190, a rotor blade exit angle of 42', rout =
6.54 mm, rin = 3.84 mm, and a rotational speed of 4 krpm. These calculations were
26000
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performed for a nitrogen input. By substituting these approximations into Eq. (8.1),
in ~ m routh . (8.2)
Fig. 8-4 shows the input power as a function of the unloaded rotational speed.
Power put into the machine is distributed between the bearings and the elec-
trical components. During an unloaded operating condition, no electrical power is
extracted, so the input turbine power equals the viscous drag in the bearings. Nomi-
nally, the power dissipated by the bearings depends only on the rotational speed and
not on the loading conditions. Therefore, the curve in Fig. 8-4 also represents the
bearing power dissipation, whether the device is loaded or not. When the generator
is loaded, the rotor speed drops because the load draws power; turbine input power
must be increased to bring the rotor back to its unloaded speed.
To relate the input and output power to the change in rotor speed, consider an
example scenario where the generator originally operates unloaded at 14.5 krpm and
slows down to 11 krpm when one phase is loaded resistively. Referring back to Fig. 8-
4, the unloaded input power is 2.5 mW, which is also the unloaded bearing dissipation.
After the load is applied, the bearing dissipation drops to 1.4 mW. The input turbine
power also decreases, and if an assumption is made that ve,out is unchanged (due to
the turbine mass flow being kept constant), the turbine power scales with the ratio
of the loaded to unloaded rotational speeds. For this case, the loaded turbine power
is 1.9 mW, meaning that the electrical components are dissipating 0.5 mW. This
scenario is depicted by the red arrow in Fig. 8-4. As shown in Section 8.5.2, the
power delivered per phase is half the converted electrical power for a matched load,
so the delivered power in this case is 0.25 mW. Therefore, the loaded speed is the
speed at which the loaded turbine power input is equal to the net electrical dissipation
plus the bearing dissipation at that speed. Due to the complexity of performing this
calculation while the experiment is running, however, the turbogenerator loading will
not be changed during its operation. Rather, to measure output power, the device
will be loaded before the experiment begins.
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Figure 8-5: Supercritical run up to 25 krpm using turbogenerator die, which includes
a drop-in surface winding and a magnetic rotor with back iron. The predicted journal
bearing natural frequency and the whirl stability limit computed using a whirl ratio
of 23 are also shown in the picture.
Fig. 8-5 shows a supercritical run of the generator up to 25 krpm. Similar to
the heavy bearing rig, the journal bearing and turbine supplies are increased in an
alternating fashion once the rotor is supercritical, resulting in regions of horizontal
and vertical traversals in Fig. 8-5. This is the first instance where a magnetic rotor
supported on gas bearings is spun supercritically inside a fully-integrated device.
8.5 Low-Speed Voltage and Power Generation
Although the goal is to accelerate the magnetic rotor up to the design speed of
360 krpm, it is important to first characterize the turbogenerator at low speeds and
understand its behavior. This additional step is necessary because a high-speed mag-
netic rotor has enough kinetic energy to fracture itself and the stator if it accidentally
crashes into the journal bearing sidewalls during operation. The low-speed characteri-
zation is performed on an imperfect turbogenerator die that contains broken labyrinth
seals. Furthermore, the magnetic rotor used for these experiments have visible surface
corrosions because it was originally assembled for use in the heavy bearing rig tests
_ __
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Figure 8-6: Simplified model of turbogenerator winding. Vs represents the phase
voltage and Rs represents the phase resistance. Note that the winding inductance is
ignored because its effect is negligible.
and therefore had prolonged exposure to air.
8.5.1 Unloaded Voltage Generation Tests
The low-speed turbogenerator characterization begins with an unloaded, open-circuit
experiment. Typically, each phase of a permanent-magnet generator is modeled by a
sinusoidal voltage source Vs representing the phase voltage generated from the time-
varying magnetic flux being captured by one phase of the windings. In addition,
the copper windings have a small but non-zero phase resistance, and for the surface
windings fabricated by GIT, the resistance is approximately Rs = 0.35 Q. Although
the winding also exhibits inductance, this small parasitic is ignored for subsequent
analysis because its effect is negligible. For the open-circuit measurements, the load
resistance RL is not connected. See Fig. 8-6 for a schematic representation of a single
phase of the surface winding.
To measure the open-circuit phase voltage, probes are attached to the soldered
wires and fed into an oscilloscope. Fig. 8-7 shows a sample three-phase open-circuit
voltage waveform when the turbogenerator is operating at 10 krpm. There is some
noise that couples into the signal through the signal probes, but they can be readily
removed through post-processing of the signals. The slight distortions at the peaks of
the sinusoidal signals most likely arise from the permanent magnets being imperfectly
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Figure 8-7: Sample three-phase open-circuit voltage waveform with the turbogenera-
tor running supercritically at 10 krpm. Note the noise and slight signal distortions.
shaped and inserted into the rotor cavity. If one ignores the signal noise and distortion,
all three phases plotted in Fig. 8-7 exhibit the same amplitude, meaning that the
amount of time-varying flux captured by each phase is equal. This in turn implies
that each phase of the winding is fabricated uniformly.
Fig. 8-8 shows the experimentally collected open-circuit voltages at low speeds
along with three theoretical model predictions. The RMS voltage is linear with re-
spect to the operating speed. Furthermore, if one assumes that tag = 100 Mm, the
open-circuit voltage data is best fit using Br = 0.45 T. When Das et al. characterized
the previous magnetic generator spun on an air-driven spindle, the magnetic rema-
nence that best fit the voltage data was Br = 0.5 T. The similarity in the magnetic
remanence magnitudes used here is encouraging.
8.5.2 Loaded Power Generation Tests
Given the reasonable match between experimental data and theoretical models of
the open-circuit voltage, it is now instructive to connect a resistive load to each
250
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Figure 8-8: Low-speed open-circuit voltage. Theoretical voltage curves associated
with different magnetic remanence are shown for refercence. Based on the single phase
voltage response, Br = 0.45 T and tag = 100 pm produces the best fit.
phase and measure the power delivered to the load. Referring back to Fig. 8-6, RL
is now connected to the generator and VL is recorded. To obtain three-phase power
generation data, each of the three winding phases of the turbogenerator is loaded
with a resistor. Furthermore, in order to match Rs = 0.35 Q as close as possible to
maximize the delivered power, RL is formed from 30 AWG wires measured to have
approximately 0.11 Q per foot. Due to the availability of a second soldered wire on
each winding connector, the resistance of the two soldered wire extensions on each
phase can be included in the load. Given that the wire extensions total 55 mrQ, 2.5 feet
of 30 AWG wire are used per phase to set RL at 0.33 Q, approximately equal to Rs.
Fig. 8-9(a) shows a comparison between the measured phase voltage of the tur-
bogenerator for the loaded and unloaded condition. The loaded condition consists
of matched loads being connected to all three phases of the generator winding. Due
to the resistive divider formed by the winding and load resistors, the loaded voltage
is about half the unloaded voltage. Note that for a fixed speed, more turbine air is
supplied to the loaded generator, as described in Section 8.4. Similarly, Fig. 8-9(b)
is the three-phase power delivered to matched loads. The maximum power delivered
to the resistive loads is 19 mW, which occurs at a rotational speed of 40 krpm. Un-
fortunately, as will be discussed in Section 8.6, the magnetic generator could not be
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operated any faster than 40 krpm as of this writing.
It is also useful to examine the oscilloscope waveforms of the loaded generator
and compare them to the unloaded waveform shown in Fig. 8-7. Fig. 8-10 shows
the voltage waveforms on two phases of the winding when either one or both phases
are loaded with a matched resistor. The turbine supply is the same in both Fig. 8-7
and Fig. 8-10, and it is apparent that both the frequency and the peak voltage drops
when additional loads are connected, which corresponds to a decreased rotational
speed. Note that the two phases are separated by a phase lag of 1200 because the
turbogenerator is designed as a three-phase machine.
With both the loaded and unloaded generator characteristics described, the final
data of interest is the effect of different load resistors on delivered power. This is
important for ascertaining whether RL = 0.33 Q closely matches the winding phase
resistance. To obtain the desired data, one phase of the generator is sequentially
loaded with 30 AWG wires of varying length, with the effective resistance being
206 mQ, 240 mQ, 330 mQ, 400 mQ, and 440 mQ respectively. The output voltage
is then measured at five predetermined rotational speeds and the output power is
calculated. Fig. 8-11 shows the result of this experiment. Based on the power curves,
the chosen RL does in fact maximize the delivered power, meaning that it represents
a matched load.
8.5.3 Conversion Efficiency
For any electric generator, it is useful to assess the conversion efficiency between
mechanical power in and electrical power out. Although a rigorous three-phase con-
version efficiency analysis was not conducted, there are sufficient data to analyze a
single-phase energy conversion. When one phase of the turbogenerator device oper-
ating with 1386 sccm of turbine air is connected to a matched resistive load, the rotor
slows down from 12.1 krpm to 9.2 krpm. From Eq. (8.2) with rh = 2.9 x 10- 5 kg/s,
the unloaded turbine input power is approximately 1.68 mW. After loading, the tur-
bine power drops to 1.28 mW based on the discussion in Section 8.4. The electrical
output power for the single-phase load is 0.41 mW at 9.2 krpm, meaning that the
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Figure 8-9: Low-speed voltage and power measurements. In Fig. 8-9(a), the loaded
curve is obtained by loading each phase of the turbogenerator with a matched load
of RL = 0.33 Q. Fig. 8-9(b) shows the three-phase power delivered to the matched
loads. Note that 40 krpm is the maximum experimental speed achieved by the fully-
integrated turbogenerator as of this writing.
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Figure 8-10: Voltage waveforms for one and two phase loading. The loaded voltage
is half the unloaded voltage because a matched load is used. Also note the phase lag
between the two phases.
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Figure 8-11: Effect of load resistance on delivered power. For three different op-
erating speeds, loading the generator with a 0.33 Q resistor maximizes the output
power, demonstrating that the chosen RL indeed matches the winding phase resis-
tance closely. Theoretical predictions are also shown for reference.
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gas bearing dissipates 0.87 mW at 9.2 krpm. Therefore, the mechanical-to-electrical
conversion efficiency for this data point is approximately 32%. Note that the conver-
sion efficiency was also calculated using velocity triangles for the turbine and rotor
blades, and the results are similar to the calculations performed here.
8.6 Modeled High-Speed Data
Given the success in characterizing the fully-integrated turbogenerator at low speeds
and obtaining data that corresponds well to the predictive models, the high-speed
voltage and power generation capabilities of the generator is also of interest. Unfor-
tunately, as of this writing, it has not been possible to accelerate the turbogenerator
device any faster than 40 krpm. As a compromise, the low-speed voltage and power
curves are extended to the design speed of 360 krpm, and comparisons are made
between the expected power and the original design. Before the simulated data are
presented, however, it is imperative to understand why the device could not be ac-
celerated faster.
8.6.1 Barrier to Faster Speeds
The turbogenerator gas bearings were originally designed to operate up to 360 krpm
without encountering whirl instability or the thrust bearing natural frequency, but
some key assumptions that factored into the bearing design could not be implemented
in the actual device operation. Perhaps most importantly, the gas bearing design
depended on a stiff thrust bearing to prevent flow adjustments to the turbine and
journal bearing from inducing axial vibrations that can cause the rotor to crash
against the forward and aft thrust bearing pads. However, the original design pressure
of 60-80 psi could not be established in the aft thrust bearing due to deformation
issues, as described in Section 7.3.1. Instead, the turbogenerator operates nominally
with the forward and aft thrust bearing set between 10-20 psi, meaning that slight
perturbations, such as those caused by the flow controller overshooting its targeted
value, can result in a crash. Additionally, because the die has been opened and
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(a) Region 1 (b) Region 2
Figure 8-12: Broken labyrinth seals after several rotor crashes. As is visible in Fig. 8-
12(b), all three teeth have been chipped off in some regions.
closed multiple times throughout the testing process, both the die interface and thrust
bearing pads became contaminated with particles. These particles can widen the
thrust bearing clearance, further lowering the axial stiffness.
Damage to the labyrinth seals that surround the journal bearing plena also con-
tributes to the difficulty of achieving a higher operating speed. As shown in Fig. 8-12,
the heavy magnetic rotor scrapes against the fragile labyrinth seals when it crashes,
and after a few experiments, the labyrinth seals are damaged significantly. In the
region shown in Fig. 8-12(b), all three labyrinth seal teeth are missing, which results
in radial leakage from that journal bearing plenum. Not only does this introduce
asymmetry in the journal bearing flow that is difficult to monitor externally, the ra-
dial leakage also can induce coupling between the radial and axial directions. This
further increases the challenge of achieving high speeds.
8.6.2 Modeling up to Design Speed
Although it is not possible to experimentally verify the turbogenerator performance
beyond 40 krpm, it is nonetheless useful to extrapolate the low-speed data and assess
the device behavior near the design speed of 360 krpm. To do this, the loaded
voltage data from Fig. 8-9(a) is linearly extended to 360 krpm under the assumption
that there are no second-order effects that affect the induced voltage. This is a
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Figure 8-13: High-speed voltage and power simulations. In Fig. 8-13(a), the experi-
mental data from Fig. 8-9(a) is extended linearly to 360 krpm, and this extension is
compared with simulated results using Br = 0.45T and tag = 100 pm. A curve corre-
sponding to the same device having a 900 pm laminated stator core with geometries
specified in Table 2.1 is also shown for comparison purposes.
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reasonable assumption because the open-circuit voltages measured by Das in the air-
driven spindle device is linear up to 300 krpm [13]. Fig. 8-13(a) shows the result of
this extrapolation together with a theoretical prediction using the fitting parameters
Br = 0.45 T and tag = 100 tim, as derived from Fig. 8-8. A predictive model is also
shown for a turbogenerator device that contains the 900 ym laminated stator core
with geometries described in Table 2.1. At 360 krpm, the turbogenerator without a
laminated stator is expected to produce an open-circuit of 0.8 Vrms per phase, and a
turbogenerator with the laminated stator is expected to generate 1.5 Vrms per phase.
Using the extrapolated voltage, a prediction with regards to the expected output
power at 360 krpm can also be made. This is done by taking half the open-circuit
voltage, squaring it, dividing it by the matched resistive load of RL = 0.33 Q, and
multiplying by three to factor in all three phases. The results are shown in Fig. 8-
13(b), and it is expected that the device will generate 1.5 W at 360 krpm. If the
laminated stator core was available, the generated power is increased to 4.8 W. This
is lower than the original design target of 10 W because the full remanence of the
NdFeB permanent magnets was not realized during the magnetization process at GIT.
If the full 1 T could be realized, the open-circuit phase voltage would be 2.94 Vrms
at 360 krpm and the three-phase power would be 19.6 W.
8.7 Recommendations for Future Testing
Overall, the power generation experiments are successful and indicate that the fully-
integrated silicon turbogenerator works as designed. Nonetheless, the author sees
three design changes that are crucial to experimentally verifying higher power outputs.
The most important aspect relates to the resolution of the device operating speed
limitation. Because the output power is proportional to the square of the operating
speed, this parameter highly impacts the generated power. The aft thrust bearings
must be mechanically stiffened so higher bearing pressures can be applied, and steps
must be taken to ensure that no contaminants or surface winding protrusions cause
the rotor to crash during supercritical operation. Based on an increase in speed
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Stator Die Rotor Type Speed Achieved (krpm)
Heavy bearing rig Solid silicon rotor 55
Heavy bearing rig Magnetic rotor with back iron 10
Turbogenerator Solid silicon rotor 10
Turbogenerator Magnetic rotor with back iron 40 t
Table 8.1: Summary of supercritical rotor operations in both the heavy bearing rig
and turbogenerator devices. The maximum achieved speed for each configuration is
also quoted, and entries marked with t denote configurations that cannot be further
accelerated.
from 40 krpm to 360 krpm, the output power increases by a factor of 81. The next
important modification to the device is the integration of the 900 pm thick laminated
stator core into the turbogenerator, which increases the output power at all speeds by
a factor of 3-4. Similarly, the full magnetic remanence of the NdFeB magnets should
be realized to further improve the output power by a factor of 4.
8.8 Summary
This chapter extends the lessons learned from the heavy bearing rig device and applies
them to the turbogenerator device, thus allowing successful supercritical operation of
the generator up to 40 krpm and power delivery to a three-phase resistive load. This
is the first time that a fully-integrated permanent-magnet machine fabricated from
silicon and supported by gas bearings delivered power to resistive loads, and although
the design speed of 360 krpm was not achieved, the demonstration of milliwatt-level
power is still significant. For the device to operate properly, two major hurdles had
to be overcome. First, the drop-in winding had to be redesigned to ensure that
the surface protrusions did not interfere with the rotor movement. Second, it was
determined that a laminated silicon die does not have sufficient structural rigidity
without the presence of electroplated NiFe, so the heavy bearing rig dies had to be
modified to accept the drop-in windings.
Both low-speed experiments and high-speed simulations of the generator were per-
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formed, and the results fit well with the predictive models. The highest experimental
speed achieved was 40 krpm, and an open-circuit voltage of 90 mVrms resulted at
that speed. This corresponds to a three-phase output power of 19 mW delivered
to matched resistive loads. By extrapolating the experimental results to the design
speed of 360 krpm, the expected open-circuit voltage is 0.8 Vrms, corresponding to an
output power of 1.5 W. These data match well with the predictive model developed
by Das when Br = 0.45 T and tag = 100 Am.
Improvements to the output power capabilities are possible if further research is
conducted. A device containing the envisioned 900 pm laminated stator core generates
4.8 W, and if this device is combined with fully-magnetized NdFeB magnets with
Br = 1 T, the expected output power at 360 krpm is 19.6 W.
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CHAPTER 9
CONCLUDING REMARKS
A conclusion is the place where you got tired of thinking.
-Harold Fricklestein
9.1 Summary and Conclusions
The realization of a fully-integrated permanent-magnet turbogenerator - from design
to simulation to fabrication and finally testing - is a long and complicated journey.
It is important to summarize the findings and insights from each step of the way to
establish a baseline for further research on this topic. In lieu of the more traditional
approach of summarizing each chapter separately, the summaries are grouped into
related fields instead.
9.1.1 Material Selection
Because the fully-integrated turbogenerator is designed to operate at 360 krpm and
the permanent magnets are expected to experience high stress levels, NdFeB is chosen
over SmCo as the permanent magnet material. Even with this selection, however, the
mechanical strength of the magnetic rotor is limited by the permanent magnets. With
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this choice of material, robust high-temperature behavior is exchanged for mechanical
strength; NdFeB magnets cannot generate power beyond an operating temperature
of 150 'C.
For the rotor back iron and yet-to-be-realized laminated stator core, NiFe is used
due to its ease of electroplating. Other materials can be used if further research makes
them suitable for electroplating. For the magnetic rotor, eight back iron pieces are
laser-machined from a separate 50 pm-thick electroplated sheet of NiFe and dropped
into the rotor cavity since an electroless electroplating process resulted in uneven
topologies and excessive rotor imbalance.
9.1.2 Mechanical Design
The mechanical design of the magnetic rotor is tied strongly to the rotor imbalance re-
quirement set by the hydrostatic gas journal bearing. Because the ultra-short journal
bearing has a relatively low damping ratio, excessive imbalance results in large radial
excursions during transcritical operation, which can cause the rotor to crash. Three
possible rotor designs were considered - full-annulus, pie-annulus with spokes, and
pie-annulus with locators. The pie-annulus with spokes configuration gives the lowest
stress levels and deformations because loading of the outer silicon rim is relieved by
spokes connected to the hub. Next best mechanically is the full-annulus rotor, since
the annular magnet carries some mechanical load as hoop stresses. The pie-annulus
with locators configuration chosen for this thesis performs the worst mechanically
because it neither has spokes nor the annular magnet to carry mechanical loads, but
it best meets the rotor imbalance and back iron fabrication constraints.
Boundary conditions are found to be important for characterizing high-speed rotor
behaviors. The best boundary condition possible is a fully-bonded one where an
infinitely strong bond exists between the silicon, back iron, and permanent magnets.
However, because the back iron and magnet pieces are attached to the silicon rotor
using super glue, the fully-bonded boundary condition is too ideal. In fact, the back
iron and magnet pieces slide outward and mechanically load the rotor rim once the
super glue fails at approximately 170 krpm. This additional load on the rim fractures
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the magnetic rotor, consistent with FEA performed using the delaminated boundary
conditions.
FEA results also indicate that a mass reduction in the rotor significantly lowers
the overall rotor stress, so it is beneficial to use the minimum amount of back iron
and permanent magnet - 50 ym and 500 ym respectively - required to obtain
the desired 10 W output. Further analysis shows that for a given mass, an even
distribution of the mass between the permanent magnet and back iron leads to the
highest output power. This is intuitively correct because both components serve a
purpose - the permanent magnet generates flux while the back iron redirects the
flux in an efficient manner.
9.1.3 Gas Bearing Design
After a careful evaluation of the gas thrust and journal bearings used in previous
microengine projects, a set of bearings was designed to accommodate the large rotor
mass, high rotor imbalance, and undesired magnetic interactions between the rotor
and stator. The mass and imbalance affects the journal bearing natural frequency,
amplitude of radial excursions during transcritical operation, and the whirl stability
limit at high speeds. To achieve supercritical operation given a particular rotor imbal-
ance, the journal bearing damping ratio must be designed sufficiently high to prevent
wall contact during the process of rotor inversion. Even after rotor inversion, the whirl
stability limit is lowered with increasing rotor imbalance, so the imbalance must be
minimized. Axial magnetic pull-in force and negative tilting stiffness were overcome
with thrust bearings, 1.9 mm in radius, that have a single-sided clearance of 3 /Im.
The thrust bearing, designed to have 40 uniformly distributed orifices approximately
10 ym in diameter, has a sufficiently high natural frequency to prevent resonance and
provides stiffnesses one order of magnitude higher than the destabilizing magnetic
stiffnesses.
The journal bearing is lengthened to 900 ym and fabricated with a nominal clear-
ance of 30 /m to create sufficient radial stiffness and damping to help an imbalanced
rotor invert and operate supercritically. It was determined, based on bearing char-
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acterization and fabrication considerations, that the axial feed bearing is superior to
the center feed bearing. Even with an optimized journal bearing design, the massive
rotor results in low journal bearing natural frequencies - about 1-2% of the 360 krpm
design speed - meaning that the rotor must be operated supercritically to obtain a
reasonable output power.
Unlike the ball bearings used in a previous version of the turbogenerator, hydro-
static gas journal bearing imposes a maximum rotor imbalance of 5-6 jm. Computer
imaging techniques and Monte Carlo simulations were used to characterize the im-
balance caused by manufacturing uncertainties during the permanent-magnet laser
machining process. It was determined that by inserting magnet pieces with similar
weights diametrically in the rotor, the achieved imbalance is sufficiently low to allow
the rotor to invert. This meant that the developed solder-filling method, which is
able to further reduce the rotor imbalance, was not required.
9.1.4 Fabrication Technology
The crux of the fabrication challenge is the integration of magnetic and winding
components with the silicon die, and this was achieved by compartmentalizing the
two processes until the very end. Specifically, the surface winding was formed on a
separate substrate and released using laser machining before being bent and dropped
into the silicon winding cavity. Furthermore, the final rotor back iron design involved
dropping 50 pm thick electroplated NiFe pie piece foils, also machined using the laser,
into the rotor cavity.
Beyond the aforementioned challenges, low-temperature die-level bonding schemes
were also researched to facilitate device assembly without risking permanent magnet
demagnetization and winding failure. A multilayer eutectic interface consisting of In
and Sn as the active materials was chosen because the materials are easy to deposit
using an e-beam and enables die-level bonding to occur at 140 oC. To facilitate die-
level alignment accuracies below 10 pm, a three-point contact jig, which includes a
critical push piece formed using DRIE, was designed and shown to achieve 8-9 jpm
misalignments.
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9.1.5 Heavy Bearing Rig
This thesis represents the first instance where a rotor containing permanent magnets
is spun supercritically using the gas bearings, and the experimental data show good
correlation with gas bearing theories developed by Liu and Teo [27,46]. Most impor-
tantly, the journal bearing used in the turbogenerator is non-dimensionally equivalent
to the one used in the previous micro bearing rig, and the measured natural frequency
match the predicted values scaled by the rotor mass accordingly. The thrust bearing
s-curves also follow the theoretical prediction, although the author notes that a 1 /Im
difference in orifice changes the expected thrust bearing flow rates by 40%.
Due to the orifice diameter mismatch, the rotor is axially centered using a rotor
start-stop scheme. Specifically, the aft thrust bearing is set to a fixed pressure and the
forward thrust bearing pressure is increased until the rotor spins under the presence
of journal bearing air. This data point is combined with the forward thrust bearing
pressure at which the rotor stops spinning and averaged to produce the forward thrust
bearing pressure at which the rotor is approximately centered. This axial centering
protocol was applied to the heavy bearing rig, and a speed of 55 krpm was achieved
using the solid silicon rotor, with further acceleration deemed possible.
Bulging of the aft thrust bearing pad due to applied pressure is an important issue,
and experimental results indicate that the bulging prevents the aft thrust bearing from
completely closing even when large forward pressure is applied. This deformation
arises because the pad has a diameter 2.86 times that of the previous micro bearing
rig without having additional axial support added. A consequence of this undesired
effect is that the aft side pressure must be kept at 10-15 psi to prevent the axial
bulging from changing the thrust bearing clearance significantly.
9.1.6 Power Generation
Milliwatt-level power generation was successfully demonstrated using an integrated
turbogenerator device spinning at 40 krpm, and the experimentally achieved three-
phase output power is 19 mW for matched resistive loads. The main obstacle hin-
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dering higher power levels is the inability to accelerate the turbogenerator device
beyond 40 krpm without the magnetic rotor crashing. It is likely that the lack of
axial stiffness coupled with contaminations, surface winding protrusions, and broken
labyrinth seals contributed to this obstacle. If the experimental results are linearly
extrapolated to the design speed of 360 krpm, it is expected that the turbogenerator
would deliver 1.5 W to matched resistive loads.
The stark difference between the original 10 W design and the achieved power is
attributed not only to the inability to reach design speeds but also to the lack of a
laminated stator core and the inability to realize the full remanence of the NdFeB
permanent magnets. The integration of a laminated core would increase the output
power by a factor of 3-4. Furthermore, permanent magnets with full remanence will
provide an addition factor of 4. Inclusion of both features in a future build would
allow the output power at 360 krpm to reach 19.6 W.
9.2 Thesis Contributions
Although the bulk of the research was spent on devising fabrication techniques to
achieve full integration of the permanent-magnet turbogenerator, the thesis makes
contributions to other areas as well. Specifically, it advances the field of power MEMS
in the following ways.
1. Provided a proof of concept for the world's first fully-integrated permanent-
magnet silicon turbogenerator supported by gas bearings capable of generating
milliwatt-level power. The device does not require any external air-driven spin-
dles to operate. If the device can be operated at the design speed of 360 krpm,
it would generate 1.5 W for matched loads. See Chapter 8.
2. Demonstrated that gas thrust and journal bearings are capable of stably sup-
porting a heavy silicon rotor with embedded permanent magnet pieces at su-
percritical speeds. This thesis also demonstrated that non-dimensional bearing
theory [42] is valid for a heavy rotor. See Chapter 3 and Chapter 7.
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3. Developed die-level packaging techniques to enable the testing of multiple rotors
inside one set of stator dies. Not only does the ability to open and close the
device nondestructively enable easy inspection of the rotor and stator, it also
opens up the possibility to perform dynamic balancing, which involves deter-
mining the rotor imbalance and correcting it through the addition or removal
of rotor material. See Chapter 6.
4. Generated accurate models of mechanical stress and deformation in the mag-
netic rotor that considered the effect of non-ideal boundary conditions, includ-
ing cases where the back iron and permanent magnets delaminate. This thesis
was also the first instance where multiple magnetic rotor configurations were
rigorously compared in terms of mechanical strength, imbalance, and ease of
integration with the fabrication process. See Chapter 4.
5. Developed and verified a rigorous but simple way of quantifying and correcting
imbalance introduced by the insertion of laser-machined permanent magnets
into the silicon rotor. This methodology was also successfully applied to balance
the electroplated NiFe back iron foils. See Chapter 5.
6. Advanced the knowledge of integrated device fabrication with the implemen-
tation of ultra-deep journal bearing DRIE, low-temperature eutectic bonding,
die-level alignment techniques, drop-in magnetic components, and a drop-in sur-
face winding. The plating of 1 mm-deep laminated NiFe and the solder-filling
of a silicon cavity were also explored, although they were not implemented in
the final device. See Chapter 6.
9.3 Recommendations for Future Work
This thesis demonstrates that it is possible, by combining well-chosen gas bearing
and generator designs together with the development of novel fabrication techniques,
to create a fully-integrated turbogenerator device suitable for batch fabrication. The
device represents an improvement over the previous generator prototypes developed
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by Das et al., which was conventionally machined and required an external air-driven
spindle to operate. Given that this is the first iteration of the fully-integrated silicon
device, however, there are some several device shortcomings that should be corrected
in future works. Furthermore, there is much room for materials development and re-
search that can potentially increase the maximum operating speeds and consequently
the amount of output power generated. The author has the following recommenda-
tions for future work on the silicon turbogenerator.
1. Assess the obstacles, such as low axial bearing stiffness, that prevents the turbo-
generator from operating faster than 40 krpm and correct them through further
research in the fabrication process flow. Specifically, the aft thrust bearing must
be stiffened mechanically to prevent deformation, and the eutectic bonding pro-
cess should be corrected so it does not cause transcritical difficulties. Successful
operation of the turbogenerator at 360 krpm will increase the output power by
a factor of 81.
2. Correct the issues associated with electroplating the 1 mm-thick laminated NiFe
stator core and implement the modified electroplating process on a turbogener-
ator die. This change will increase the output power by a factor of 4.
3. Determine the reasons why maximum magnetic remanence was not achieved for
the NdFeB permanent magnet pie pieces and devise ways to solve this problem.
The potential payoff is an increase in output power by a factor of 4.
4. Develop a NiFe back iron electroplating scheme compatible with the pie-annulus
rotor with spokes configuration (see Section 4.2.2). The move from NiFe foil
to electroplated material will increase the interfacial strength between the back
iron and the silicon rotor, thereby promoting high-speed mechanical strength.
Furthermore, the silicon spokes strengthen the rotor mechanically by transfer-
ring stress from the rim to the hub of the rotor.
5. Examine methods to electroplate high quality permanent magnet material di-
rectly onto the silicon rotor. This not only eliminates the need to laser machine
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the pie pieces, it also increases the overall rotor strength if combined with direct
back iron electroplating. If the electroplating of permanent magnets is not pos-
sible, the laser-machined magnet pieces should be protected by an electroplated
nickel coating to prevent corrosion.
6. Further develop the copper surface windings so it can be electroplated directly
into silicon. The current drop-in method is not only time consuming and prone
to breakage, but it also results in an uneven surface topology that can interfere
with high-speed device operation.
7. Examine why devices bonded using the eutectic layers failed to spin super-
critically. Fixing this problem increases reliability and reduces journal bearing
leakage, which potentially makes the device operation easier.
8. Research and develop a permanent magnet material that simultaneously have
high mechanical strength, adequate magnetic remanence, and thermal robust-
ness. This is very important because NdFeB and SmCo are both brittle, and
neither material are able to withstand stress levels much beyond 30-40 MPa,
a fraction of what silicon is capable of carrying. Even a small improvement in
mechanical strength will directly translate to higher operating speeds. If this
new magnetic material can withstand higher temperatures than either NdFeB
or SmCo, more options will be available for the final bonding procedure.
9. Perform integration of the turbogenerator with a self-sustained engine driven
by hydrocarbon fuel. This eliminates the need for compressed air and produces
a device that converts fuel energy to electric energy.
9.4 Final Words
Based on the extensive study of integrated permanent-magnet machines for this thesis,
the author believes that such a generator design is viable for use in both the self-
sustaining engine and small power systems if certain challenges can be overcome.
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The argument for further research on these devices lies in their high output power
potentials at relatively modest rotational speeds, which is critical because rare-earth
permanent magnets and adhesives are not expected to become orders of magnitude
stronger mechanically in the near future. The power argument is especially attractive
if the some of the improvements listed in Section 9.3 can be achieved. A conservative
near-future power target would be 5-10 W.
Nonetheless, the integrated generator cannot be transferred to an industrial envi-
ronment without several challenges being surmounted. The most glaring omission in
the current generator design is the lack of a stable batch fabrication process. Even
though drop-in components are useful for initial power generation tests, they are in-
consistent with the concept of parallel micromachining - each rotor and stator must
be individually assembled and inspected. Techniques to directly electroplate NiFe
back iron, NdFeB permanent magnets, and copper winding structures onto silicon
must be developed. At the same time, the behavior of the generator at elevated tem-
peratures must be ascertained if it is to be integrated with the self-sustaining engine.
A swap from NdFeB to SmCo magnets is unavoidable. Finally, heat dissipation is-
sues in the copper windings at high output power levels must be resolved. At the
multi-watt power level, the heat generated in the device may melt the windings or
even cause magnet demagnetization.
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APPENDIX A
COMPUTER CODES AND
DOCUMENTATION
A.1 Magnetic Rotor Imbalance Model
The code shown below for determining the magnetic rotor imbalance is a snippet
from the MATLAB graphic user interface development environment (GUIDE) pro-
gram that the author developed. Because the code constitutes only a portion of the
complete program, it cannot be run in MATLAB as written. To run this program
with data inputs instead of relying on data entered in the graphic user interface,
rewrite the data acquisition lines.
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(Calculate_Imbalance.m)
% --- Executes on button press in gendata.
function gen-dataCallback(hObject, eventdata, handles)
% h0bject handle to gendata (see GCB0)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
NUMMAGNET = 8;
MAGNET-PRETEXT = 'magnet_mass_';
COMPRETEXT = 'com_';
RADIN_PRETEXT = 'innerradius';
RAD_OUT_PRETEXT = 'outer_radius';
MAGGAPPRETEXT = 'magnetic-gap';
CONV_FACTOR = 2.613126;
NUM_DIVISION = 25;
DRIERADIN = 2.367;
DRIERAD_0OUT = 5.133;
DRIEMAGGAP = 0.3;
DRIERADMAX = 5.083;
DRIE RAD_MIN = 2.417;
numer of magnets
tag name preceding magnet number
tag name preceding magnet number
tag name preceding inner radius
tag name preceding outer radius
tag name preceding magnetic gap
conversion factor for radius
number of division in stat graph
nominal inner radius for DRIE etch
nominal outer radius for DRIE etch
nominal gap for DRIE etch [mm]
maximum DRIE radius [mm]
minimum DRIE radius [mm]
[mm]
[mm]
% Sanity check on user input values to make sure they are valid.
THICK-MAG = str2double(get(handles.thickmag,'string'));
if isnan(THICKMAG)
errordlg('You must enter a numerical value for Magnet Thickness.',...
'Invalid Magnet Thickness','modal')
return;
elseif THICK_MAG <= 0
errordlg('You must enter a positive value for Magnet Thickness.',...
'Invalid Magnet Thickness','modal')
return;
end
THICKSOL = str2double(get(handles.thicksol,'string'));
if isnan(THICKSOL)
errordlg('You must enter a numerical value for Solder Thickness.',...
'Invalid Solder Thickness','modal')
return;
elseif THICKSOL <= 0
errordlg('You must enter a positive value for Solder Thickness.',...
'Invalid Solder Thickness','modal')
return;
end
RHOSOLDER = str2double(get(handles.density_solder,'string'));
if isnan(RHOSOLDER)
errordlg('You must enter a numerical value for Solder Density.',...
'Invalid Solder Density','modal')
return;
elseif RHOSOLDER <= 0
errordlg('You must enter a positive value for Solder Density.',...
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'Invalid Solder Density','modal')
return;
end
RHOMAGNET = str2double(get(handles .density_magnet, 'string'));
if isnan(RHOMAGNET)
errordlg('You must enter a numerical value for Magnet Density.',...
'Invalid Magnet Density','modal')
return;
elseif RHO_MAGNET <= 0
errordlg('You must enter a positive value for Magnet Density.',...
'Invalid Magnet Density','modal')
return;
end
radinvar = str2double(get(handles.rad_in_var,'string'));
if isnan(radin_var)
errordlg('You must enter a numerical value for Inner Radius +/-.',...
'Invalid Inner Radius +/-','modal')
return;
elseif rad_in_var < 0
errordlg('You must enter a non-negative value for Inner Radius +/-.',...
'Invalid Inner Radius +/-','modal')
return;
end
radout_var = str2double(get(handles.radout_var,'string'));
if isnan(rad_out_var)
errordlg('You must enter a numerical value for Outer Radius +/-.',...
'Invalid Outer Radius +/-','modal')
return;
elseif rad_out_var < 0
errordlg('You must enter a non-negative value for Outer Radius +/-.',..
'Invalid Outer Radius +/-','modal')
return;
end
gapvar = str2double(get(handles.gap_var,'string'));
if isnan(gap_var)
errordlg('You must enter a numerical value for Gap +/-.',...
'Invalid Gap +/-','modal')
return;
elseif gapvar < 0
errordlg('You must enter a non-negative value for Gap +/-.',..
'Invalid Gap +/-','modal')
return;
end
mass-var = str2double(get(handles.mass_var,'string'));
if isnan(mass_var)
errordlg('You must enter a numerical value for Mass +/-.',...
'Invalid Mass +/-','modal')
return;
elseif mass_var < 0
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errordlg('You must enter a non-negative value for Mass +/-.',...
'Invalid Mass +/-','modal')
return;
end
if rad_in-var == 0 && radoutvar == 0 && gap_var == 0 && mass_var == 0
errordlg('Cannot generate statistics graph without any variations.',...
'No Variations','modal')
return;
end
numrun = str2double(get(handles.numrun,'string'));
if isnan(numrun)
errordlg('You must enter a numerical value for Number Runs.',...
'Invalid Number Runs','modal')
return;
elseif num_run <= 0
errordlg('You must enter a positive value for Number Runs.'....
'Invalid Number Runs','modal')
return;
elseif round(num_run) -= num_run
errordlg('You must enter a integral value for Number Runs. ',...
'Invalid Number Runs','modal')
return;
end
% Sanity check on all input values to assure that the computation is legal.
for i = 1:NUM_MAGNET
% Inner radius
current-rin = strcat(RAD_IN_PRETEXT,num2str(i));
inner_radius_def.(['n' num2str(i)]) = str2double(get(handles.(current_rin),...
'string'));
if isnan(inner_radius_def.(['n' num2str(i)]))
errordlg(['You must enter a numerical value for Inner Radius '..o
num2str(i) '.'],'Invalid Inner Radius','modal')
return;
elseif inner_radius_def.(['n' num2str(i)]) <= 0
errordlg(['You must enter a positive value for Inner Radius '
num2str(i) '.'],'Invalid Inner Radius','modal')
return;
end
% Outer radius
current_rout = strcat(RAD_OUT_PRETEXT,num2str(i));
outer_radius_def. (['n' num2str(i)]) = str2double(get(...
handles. (current_rout),'string'));
if isnan(outer_radius_def.(['n' num2str(i)]))
errordlg(['You must enter a numerical value for Outer Radius '...
num2str(i) '.'] ,'Invalid Outer Radius','modal')
return;
elseif outer_radius_def.(['n' num2str(i)]) <= 0
errordlg(['You must enter a positive value for Outer Radius '
num2str(i) '.'],'Invalid Outer Radius','modal')
return;
elseif outer_radius_def.(['n' num2str(i)]) <= ...
A.1. Magnetic Rotor Imbalance Model 275
inner_radius_def. (['n' num2str(i)])
errordlg(['For Magnet '...
num2str(i) ', the outer radius is not larger than the ...
inner radius.'],'Invalid Radius','modal')
return;
end
% Magnet gap
currentgap = strcat(MAG_GAP_PRETEXT,num2str(i));
magneticgapdef.(['n' num2str(i)]) = str2double(get(handles.(current_gap),...
'string'));
if isnan(magneticgap_def.(['n' num2str(i)]))
errordlg(['You must enter a numerical value for Magnetic Gap '...
num2str(i) '.'],'Invalid Magnetic Gap','modal')
return;
elseif magneticgap_def.(['n' num2str(i)]) <= 0
errordlg(['You must enter a positive value for Magnetic Gap '...
num2str(i) '.'],'Invalid Magnetic Gap','modal')
return;
end
end
% Compute total mass of solder in one section of the rotor.
rs-sol = CONVFACTOR*DRIEMAGGAP;
rinsol = DRIE_RAD_IN - r_s_sol;
r_out_sol = DRIE_RAD_OUT - r_s_sol;
totmass_one = pi/8*(routso2-rinso2)*RHOSOLDER*THICK_SOL;
% Create an array to store the result of the eccentricity computations.
eccentricity = [];
for run=1:numrun
imbalance_x = 0;
imbalancey = 0;
sum_of_mass = 0;
for i=l:NUM_MAGNET
cur_mass = strcat(MAGNET_PRETEXT,num2str(i));
cur_rad_in = strcat(RAD_INPRETEXT,num2str(i));
cur_rad_out = strcat(RAD_OUTPRETEXT,num2str(i));
curgap = strcat(MAG_GAP_PRETEXT,num2str(i));
% If we have pair balanced enabled, do only compute half of the
% inner radius, outer radius, and magnet gap. Then we apply the
% values to opposing pairs of magnet.
if get(handles.pairbalance,'value') == get(handles.pair_balance,'max')
if i <= (NUMMAGNET/2)
cur_rad_in_2 = strcat(RAD_IN_PRETEXT,num2str(i+4));
cur_rad_out_2 = strcat(RAD_OUTPRETEXT,num2str(i+4));
cur_gap_2 = strcat(MAG_GAP_PRETEXT,num2str(i+4));
cur_rad_in_var = num2str(roundn(normrnd(...
inner_radius_def.(['n' num2str(i)]),rad_in_var/3),-3),'%*.3f');
cur_rad_out_var = num2str(roundn(normrnd(...
outer_radius_def.(['n' num2str(i)]),rad_out_var/3),...
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-3),'%.3f');
cur_gap_var = num2str(roundn(normrnd(...
magnetic_gap_def.(['n' num2str(i)]),gapvar/3),-3),'/%.3f');
cur_rad_in_var_2 = num2str(roundn(normrnd(...
str2double(cur-rad_in_var),rad_invar/6),-3),' /.3f');
cur_rad_out_var_2 = num2str(roundn(normrnd(...
str2double(cur-radoutvar),rad_outvar/6),-3),'X.3f');
curgapvar_2 = num2str(roundn(normrnd(...
str2double(curgap.var),gap-var/6),-3),'X.3f');
set(handles.(cur_rad_in),'String',curradinvar);
set(handles.(currad_in_2),'String',cur_rad_in_var_2);
set(handles.(cur_rad_out),'String',currad_out_var);
set(handles.(currad_out_2),'String',cur_rad_out_var_2);
set(handles.(cur_gap),'String',cur_gap_var);
set(handles.(cur_gap_2),'String',cur_gap_var_2);
end
else
set(handles.(currad_in),'String',num2str(roundn(normrnd(...
inner_radius_def.(['n' num2str(i)]),rad_in_var/3),-3),'%.3f'));
set(handles.(cur-rad_out),'String',nuxm2str(roundn(normrnd(...
outer_radius_def. (['n' num2str(i)]),rad_out_var/3),-3),'%.3f'));
set(handles.(curgap),'String',num2str(roundn(normrnd(...
magneticgapdef.(['n' num2str(i)]),gap_var/3),-3),'7%.3f'));
end
% Perform center of mass calculation and derive corresponding
% imbalance. Also compute the mass from geometric constraints.
r_s = CONVFACTOR*str2double(get(handles.(cur_gap),'String'));
r_in_s = str2double(get(handles.(cur_rad_in),'String')) - r-s;
rout-s = str2double(get(handles.(cur_rad_out),'String')) - rs;
myMass = RHO_MAGNET*THICK_MAG*pi/8*(r_out_s^2-r_in_s^2);
set(handles.(cur_mass),'String',num2str(roundn(myMass,-3),'%.3f'));
xcmp = roundn(r_s*cos(pi/8) + 4*sqrt(2)/(3*pi)*...
(routs^3 - r_in_s^3)/(r_out_s^2 - r_in_s^2),-3);
y_cm_p = roundn(rs*sin(pi/8) + (8-4*sqrt(2))/(3*pi)*...
(routs^3 - r_in_s^3)/(r_out_s^2 - r_in_s^2),-3);
x_cmn = -roundn(rs*cos(pi/8) + 4*sqrt(2)/(3*pi)*...
(r_out_s^3 - r_in_s^3)/(r_out_s^2 - r_in_s^2),-3);
y_cm-n = -roundn(rs*sin(pi/8) + (8-4*sqrt(2))/(3*pi)*...
(r_out_s^3 - r_ins^3)/(routs^2 - r_in_s^2),-3);
r_om = str2double(get(handles.(cur_rad_out),'String'));
rim = str2double(get(handles.(cur_rad_in),'String'));
% Determine the type of magnet locating process to use. The first
% rmove performs random placement, the second r_move performs outer
% radius placement, the third r_move keeps magnets in manufactured
% position, and the fourth rmove is an approximation to the second.
%r-move = (DRIE_RAD_MIN - r_im) + ((DRIE_RAD_MAX - r_om)...
- (DRIERADMIN - r_im))*rand(1);
r_move = DRIE_RADMAX - rom + (0.00031554*rom^2 -
0.0047134*r_om + 0.015802);
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%rmove = 0;
%rmove = DRIERADMAX - r_om;
r-sin = rmove*sin(pi/8);
r-cos = r_move*cos(pi/8);
switch i
case 1
xtrue = num2str(ycmp + rsin,'%+.3f');
ytrue = num2str(xcmp + r-cos,'%+.3f');
set(handles.comxl,'String',xtrue);
set(handles.com_yl,'String',ytrue);
case 2
xtrue = num2str(xcmp + rcos,'%+.3f');
ytrue = num2str(y_cm_p + r-sin,'%+.3f');
set(handles.comx2,'String',xtrue);
set(handles.com.y2,'String',ytrue);
case 3
xtrue = num2str(x.cmp + rcos,'%+.3f');
ytrue = num2str(y.cmn - rsin,'%+.3f');
set(handles.com.x3,'String',xtrue);
set(handles.com.y3,'String',ytrue);
case 4
xtrue = num2str(y-cm_p + rsin,'%+.3f');
ytrue = num2str(x-cm-n - rcos,'%+.3f');
set(handles.com-x4,'String',xtrue);
set(handles.comy4,'String',ytrue);
case 5
x-true = num2str(y-cm-n - rsin,'%+.3f');
y-true = num2str(xcmn - r-cos,'%+.3f');
set(handles.comx5,'String',xtrue);
set(handles.comy5,'String',ytrue);
case 6
x-true = num2str(xcmn - rcos,'%+.3f');
ytrue = num2str(y-cm-n - rsin,'%+.3f');
set(handles.comx6,'String',xtrue);
set(handles.comy6,'String',y.true);
case 7
xtrue = num2str(xcm_n - r-cos,'%+.3f');
ytrue = num2str(ycmp + rsin,'%+.3f');
set(handles.comx7,'String',x_true);
set(handles.com_y7,'String',ytrue);
case 8
x-true = num2str(y.cm_n - rsin,'%+.3f');
ytrue = num2str(x-cm_p + r-cos,'%+.3f');
set(handles.comx8,'String',x_true);
set(handles.comry8,'String',ytrue);
end
% If the cavities are filled with solder, make correction to magnet
% mass by subtracting out the equivalent solder mass. But note that
% the solder mass must still be included in the sum of mass.
if get(handles.solder_fill_2,'value') == get(handles.solderfill_2,'max')
myMass = myMass - pi/8* (rout-s^2-rin-s^2)*RHOSOLDER*THICKMAG;
sumofmass = sumofmass + myMass + tot_massone;
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else
sumofmass = sumofmass + myMass;
end
current_com_x = strcat(COMPRETEXT,'x',num2str(i));
currentcom.y = strcat(COMPRETEXT,'y',num2str(i));
current-loc-x = str2double(get(handles.(current-comx),'String'));
currentloc.y = str2double(get(handles.(currentcom.y),'String'));
imbalancex = imbalance-x + myMass*currentloc-x;
imbalancey = imbalancey + myMass*currentlocy;
end
imbalancex = roundn(imbalancex/sumofmass,-6);
imbalance.y = roundn(imbalance.y/sumofmass,-6);
eccentricity-value = sqrt(imbalancex^2+imbalancey^2);
set(handles.imbalancex,'String',num2str(imbalancex,'%+.6f'));
set(handles.imbalancey, 'String',num2str(imbalancey,'%+.6f'));
set(handles.eccentricity,'String',num2str(eccentricity-value,'%+.6f'));
eccentricity(run) = eccentricityvalue;
end
% Draws the statistical variation of eccentricity in a new figure.
minvalue = min(eccentricity);
maxvalue = max(eccentricity);
avgvalue = mean(eccentricity);
spacing = (maxvalue-minvalue)/NUMDIVISION;
if spacing == 0
errordlg('Cannot generate statistics graph without any variations.',...
'No Variations','modal')
return;
end
plot.x = min-value:spacing:maxvalue;
ploty = zeros(size(plotx));
for i = 1:length(eccentricity)
j = 0;
cur = min-value;
while eccentricity(i) >= cur
j = j+1;
cur = cur+spacing;
end
ploty(j) = ploty(j)+1;
end
figure();
bar(plotx,ploty);
pos = get(gca,'position');
pos1l = [pos(1)+3*pos(3)/4 pos(2)+2.5*pos(4)/4 pos(3)/3 pos(4)/3];
pos_2 = [pos(1)+3*pos(3)/4 pos(2)+2.3*pos(4)/4 pos(3)/3 pos(4)/3);
pos_3 = [pos(1)+3*pos(3)/4 pos(2)+2.0*pos(4)/4 pos(3)/3 pos(4)/31;
pos_4 = [pos(1)+3*pos(3)/4 pos(2)+1.8*pos(4)/4 pos(3)/3 pos(4)/31;
pos_5 = [pos(l)+3*pos(3)/4 pos(2)+1.6*pos(4)/4 pos(3)/3 pos(4)/3);
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pos_6 = [pos(1)+3*pos(3)/4 pos(2)+1.25*pos(4)/4 pos(3)/3 pos(4)/3];
pos_7 = [pos(1)+3*pos(3)/4 pos(2)+1.05*pos(4)/4 pos(3)/3 pos(4)/3];
xlabel('Eccentricity (mm)');
ylabel('Frequency');
title('Turbogenerator Magnetic Rotor Eccentricity');
% Add various annotations onto the graph.
annotation1_ = ['$\overline{\sigma} = ' num2str(roundn(avg_value,-5)*1000) ...
'\ \mu m$'];
annotation_2 = ['N = ' num2str(num_run)];
annotation_3 = ['$R_{\mathrm{in}}\ \pm ' num2str(roundn(rad_in_var,-3)*1000) ...
'\ \mu m$'];
annotation_4 = ['$R_{\mathrm{out}}\ \pm ' num2str(roundn(rad_out_var,-3)*1000) ...
'\ \mu m$'];
annotation_5 = ['$G_{\mathrm{mag}}\ \pm ' num2str(roundn(gap_var,-3)*1000) ...
'\ \mu m$'];
annotation_6 = ['$\ast$ Solder Filled'];
annotation_7 = ['$\ast$ Pair Balanced'];
h = annotation('textbox');
set(h,'Interpreter','latex','FitHeightToText','on','LineStyle',..
'none','Position',pos_l);
set(h,'String',annotation_1);
h = annotation('textbox');
set(h,'Interpreter','latex','FitHeightToText','on','LineStyle',...
'none','Position',pos_2);
set(h,'String',annotation_2);
h = annotation('textbox');
set(h,'Interpreter','latex','FitHeightToText','on','LineStyle',...
'none','Position',pos_3);
set(h,'String',annotation_3);
h = annotation('textbox');
set(h,'Interpreter','latex','FitHeightToText','on','LineStyle',..
'none','Position',pos_4);
set(h,'String',annotation_4);
h = annotation('textbox');
set(h,'Interpreter','latex','FitHeightToText','on','LineStyle',...
'none','Position',pos_5);
set(h,'String',annotation_5);
if (get(handles.solder_fill_2,'value') == get(handles.solder_fill_2,'max')) && ...
(get(handles.pair_balance,'value') == get(handles.pair_balance,'max'))
h = annotation('textbox');
set(h,'Interpreter','latex','FitHeightToText','on','LineStyle',....
'none','Position',pos_6);
set(h,'String',annotation_6);
h = annotation('textbox');
set(h,'Interpreter','latex','FitHeightToText','on','LineStyle',...
'none','Position',pos_7);
set(h,'String',annotation_7);
elseif get(handles.solder fill_2,'value') == get(handles.solder fill_2,'max')
h = annotation('textbox');
set(h,'Interpreter','latex','FitHeightToText','on','LineStyle',...
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'none', 'Position' ,pos 6 );
set(h, 'String', annotation_6);
elseif get (handles. pairbalance, ' value ') == get (handles. pair_balance, 'max')
h = annotation('textbox');
set(h, 'Interpreter', 'latex, 'FitHeightToText', 'on', 'LineStyle,...
'none', 'Position' ,pos6);
set(h, 'String',annotation_7);
end
APPENDIX B
FABRICATION RECIPES
B.1 Shared Upper Die
Because the upper five wafers for the heavy bearing rig and the fully-integrated tur-
bogenerator are exactly the same, the fabrication recipe for the upper halves of both
devices is presented together. In these cross-sectional views, light blue regions rep-
resent silicon, red represents either thermal or PECVD oxide, blue represents either
thin OCG 825 or thick AZ 4620 photoresist, and green represents low-stress nitride.
Note that the process flow relies heavily on DRIE, and to ensure the best unifor-
mity possible, the etches are performed on the STS-3 machine at MIT, which is the
cleanest of the three DRIE machines available. A variety of etching recipes are used,
including nitride etch, journal bearing etch, and clearance etch. Based on the type of
feature one is etching, the appropriate recipe should be selected.
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Level 1
1. Etch aft side for piping, exhaust, turbine inlet, and fiber optic hole (L1.A.B).
2. Etch front side for piping, exhaust, turbine inlet, and fiber optic hole (L1.B.B).
I 1
3. Strip oxide protection prior to bonding.
D
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Level 2
1. Etch forward thrust bearing gap of 3 ýim and grow 5000 A thermal oxide (L2.A.B).
2. Pattern forward tip clearance on 0.5 gpm thermal oxide (L2.B.B).
3. Pattern thrust bearing orifices, exhaust, and turbine plenum on photoresist (L2.C.B),
4. Etch thrust bearing orifices (100 pjm), exhaust, and turbine plenum for 270 jgm.
H n n
5. Remove photoresist to reveal nested forward tip clearance oxide mask.
6. Etch forward tip clearance of 20 jim.
7. BOE 7:1 oxide etch for 4 minutes to etch 0.3 jim oxide (L4.B.F).
I I
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8. Pattern features for forward thrust bearing and turbine plenum (L2.D.F).
9. Delayed etching of thrust bearing and turbine plenum.
10. Strip photoresist and oxide protection prior to bonding.
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Level 3A
1. Grow 1000 A oxide and 2000 A low stress nitride. Remove from bonding surface.
Level 3B
1. Grow 1000 A oxide and 2000 A low stress nitride. Etch 50 gm cavity (L3.A.B).
2. Etch into silicon 1-2 gm to form surface recess (L3.B.F).
I I I I
3. Grow 1 pm thermal oxide to form etch stop for rotor blades.
I I _ _
4. Strip nitride and oxide from bonding surface, leaving 0.2-0.3 ýpm oxide for etch stop.
Level 3C
1. Grow 1000 A oxide and 2000 A low stress nitride. Remove from bonding surface.
Level 3
1. Fusion bond blade and back iron wafer.
I
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5. Pattern journal bearing clearance on photoresist (L3.C.B).
I ~~III III
6. Etch journal bearing for 350 pm.
2. Strip nitride and oxide on aft side of wafer stack and fusion bond to PM layer.
3. Strip nitride, deposit 5 ýpm oxide on both sides, and grow 1500 A low stress nitride.
4. Pattern journal bearing and PM cavity on oxide (L3.D.B). Strip aft side nitride.
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9. Etch rotor blades and release rotor (mask L3.E.F).
Hr
10. Fill cavity with solder or magnets and strip oxide from all surfaces.
~-'--
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B.1. Shared Upper Die
7. Strip photoresist. Finish etching journal bearing and PM cavity.
8. Remove halo pieces from PM cavity.
B.2 Heavy Bearing Rig Lower Die
To complete the fabrication flow for the heavy bearing rig, this section contains the
recipe used to produce the lower two levels of the device. In these cross-sectional
views, light blue regions represent silicon, red represents either thermal or PECVD
oxide, blue represents either thin OCG 825 or thick AZ 4620 photoresist, and green
represents low-stress nitride. These lower die wafers differ from the turbogenerator
wafers in that the laminations for the stator core and the through-holes for the surface
windings are removed.
Upon completion of all seven heavy bearing rig wafers, the top five wafers are
fusion bonded together, as are the bottom two wafers. The top and bottom halves
are individually diced and bonded using the eutectic layer described in Chapter 6.3.1.
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Level 4
1. Etch aft thrust bearing gap of 3 p.m and grow 1 p.m thermal oxide (L4.B.F).
2. Pattern inner seal clearance on thermal oxide (L4.C.F).
3. Pattern outer seal clearance on oxide but recess only by 0.2 p.m (L4.D.F).
4. Pattern thrust bearing orifices, exhaust, and journal bearing on photoresist (L4.E.F).
5. Etch thrust bearing orifices (100 pm), exhaust, and journal bearing plenum for 270 p.m.
6. Strip photoresist to reveal inner seals.
7. Etch inner seal clearance for 40 pim.
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8. BOE until outer seals are revealed.
9. Etch outer and inner seal clearance for 20 ptm.
10. Etch balance plenum, exhaust, and journal bearing channels (L4.A.B).
11. Strip oxide protection prior to bonding.
290
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Level 5
1. Etch front side for piping, exhaust, thrust bearing, and journal bearing (L5.B.F).
O-DDC
2. Etch aft side for piping, exhaust, thrust bearing, and journal bearing (L5.A.B).
3. Strip oxide protection prior to bonding.
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Level 5 291
B.3 Fully-Integrated Generator Lower Die
To complete the fabrication flow for the fully-integrated generator, this section con-
tains the recipe used to produce the lower two levels of the device. In these cross-
sectional views, light blue regions represent silicon, red represents either thermal or
PECVD oxide, blue represents either thin OCG 825 or thick AZ 4620 photoresist,
and green represents low-stress nitride. This process flow introduces the laminated
stator core and the through-holes required for surface winding insertion. Note that
the electroplating process for the stator core is not shown.
Upon completion of all seven integrated generator wafers, the top five wafers are
fusion bonded together, as are the bottom two wafers. The top and bottom halves
are individually diced and bonded using the eutectic layer described in Chapter 6.3.1.
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Level 4
1. Etch aft thrust bearing gap of 3 j.m and grow 0.5 gim thermal oxide (L4.B.F).
2. Etch balance plenum, exhaust, journal bearing channels, and laminations (L4.A.B-G).
3. Strip oxide protection prior to bonding.
Level 5
1. Etch front side for piping, exhaust, thrust bearing, and laminations (L5.B.F-G).
2. Etch aft side for piping, exhaust, thrust bearing, and laminations (L5.A.B-G).
U~~DD~U
3. Strip oxide protection prior to bonding.
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Level 4
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Level Stator
1. Fusion bond level 4 and level 5 wafer.
2. Deposit 1 ýtm oxide on top side.
3. Pattern inner seal clearance on thermal oxide (L4.C.F).
4. Pattern outer seal clearance on oxide but recess only by 0.4 jpm (L4.D.F).
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5. Pattern thrust bearing orifices, exhaust, and journal bearing on photoresist (L4.E.F).
w9 J
6. Etch thrust bearing orifices (100 pim), exhaust, and journal bearing plenum for 270 jpm.
7. Strip photoresist to reveal inner seals.
Li'] 111]
8. Etch inner seal clearance for 40 pim.
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9. BOE until outer seals are revealed.
10. Etch outer and inner seal clearance for 20 ýtm.
ri ' U H nnn -
11. Strip nitride and oxide in preparation for oxidation of laminations.
D1 U
12. Grow 0.3-0.5 gm thermal oxide.
J'LY7
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B.4 Heavy Bearing Rig Mask Layout
To give the reader a perspective on the difficulty of fabricating a heavy bearing rig
device, the complete mask layout is shown below. Due to the size of each individual
die, only five devices fit on a six inch wafer, meaning that fabrication defects must
be well controlled across all seven wafers to ensure working devices in the end. Also,
note that there are more rotors than stators since it is beneficial to have spare rotors
to test the magnet insertion process and other newly implemented techniques. The
bias of solid silicon rotors to cavity rotors is 1:2 because power generation is the most
important success metric of this thesis.
I3
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APPENDIX C
PACKAGE MACHINING DIAGRAMS
C.1 Heavy Bearing Rig
As described in Chapter 6.7, the heavy bearing rig package consists of three pieces:
an upper Plexiglas cover, a middle aluminum stand-off, and an lower Plexiglas cover.
Of these three, the thickness of the stand-off piece is most critical to control, since it
determines the amount of compression in the o-rings. If the stand-off piece is much
thicker than the silicon die, the o-rings will not compress when the package is clamped
together. Note that given the limited space on the lower die, the aft exhaust on the
die does not match the position of the package exhaust ports, and it is necessary
to place shims beneath the silicon die to ensure that the exhaust gas has sufficient
vertical clearance to escape.
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C.2 Turbogenerator
Originally, the turbogenerator packaging material was aluminum due to thermal con-
duction requirements based on the expected temperature rise in the copper windings
(see Fig. 6-29). However, a metal package requires the winding connector tabs to be
fully insulated, which meant that parylene had to be deposited over each tab. This
was deemed an unnecessary risk given that the rotor would not be spun to full speed
during testing, so the final package is made from acrylic, similar to the heavy bear-
ing rig package. The package again consists of three pieces, with the top two being
identical to the bearing rig package. Hence, only the schematic drawing for the lower
Plexiglas cover is shown here.
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C.3 Die-Level Aligner
Because the final device bonding is done on a die-level basis, it is not trivial to
obtain precise alignment between the upper and lower dies. To facilitate micron-
level accuracy, a die-level device assembly scheme was described in Chapter 6. The
machining diagrams for the die-level aligner are shown here. Note that all pieces in the
aligner are made from aluminum with the exception of the critical silicon three-point
contact piece.
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APPENDIX D
FABRICATION NOTES
D.1 NiFe Laminated Stator Core
The vertical plating of laminated stator cores has been previously researched by
Arnold, but the thickness was limited to 500 pm, and the plating was done on test
pieces that only contained laminations [2]. Collaborators at GIT explored ways to
transfer the technology to allow the plating of 1-mm thick laminated stators on actual
device dies with gas bearing features. Herrault performed the majority of the fabri-
cation process development, and it is found that the previous techniques cannot be
directly used. In the previous plating recipes, an electroplating seed wafer, which uses
200-nm thick copper as the seed layer, is first attached to the back of a laminated
silicon die, protected by a layer of thermally grown oxide, using photoresist. The
photoresist is patterned using the laminated die as a hard mask, and a development
process takes place, which selectively removes photoresist from the seed wafer. The
two-wafer stack is then placed in an electroplating bath until NiFe completely fills the
laminations. At this point, the photoresist is dissolved and the seed layer is undercut
to detach the seed wafer from the device wafer.
Unfortunately, the previous recipes cannot be directly applied to the turbogener-
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(a) Two times exposure (b) Twelve times exposure
Figure D-1: Effect of exposure dosage on transferred lamination patterns. Twice the
regular exposure dosage does not adequately transfer the pattern, but twelve times
the regular dosage results in a reasonable transfer.
ator die. First, the turbogenerator die contains through-holes, such as the electrical
feedthroughs and aft exhausts, that must not plate. To selectively mask out regions
that should not electroplate, a dark field mask exposing only the lamination region is
placed over the die during the seed wafer patterning step. Second, Herrault reports
that due to the increased lamination thickness, the exposure time for the hard mask
pattern transfer must be significantly increased, as shown in Fig. D-1. These pho-
tos show the transferred lamination pattern to the photoresist on the seed wafer for
two different exposure dosages. Based on the photos, taken with the lamination die
removed, successfully exposure beneath the 1 mm laminations requires twelve times
the normal exposure time. Third, the long electroplating process results in undesired
plating from the top surface of the laminated stator, and this is catastrophic to device
integration because it prevents the surface winding on top of the laminations from
being seated properly. This unwanted plating occurs even though the laminated die
is fully protected by thermal oxide, leading Herrault to believe that the oxide may
have pinholes.
To further explore the issue of undesired surface plating due to pinholes, Herrault
considered the effect of different thermal oxide - wet and dry - on the amount
of surface plating. Electroplating samples containing only the laminated silicon core
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(a) Wet oxide
(c) Underplated sample
(b) Dry oxide
(d) Overplated sample
Figure D-2: Ultra-deep electroplated NiFe sample. Fig. D-2(a) and Fig. D-2(b) show
NiFe electroplating results for sample dies protected in wet oxide and dry oxide re-
spectively. Fig. D-2(c) and Fig. D-2(d) show the result of plating in 1 mm thick
trenches with a width of 80 ym. Underplating occurred for the sample in Fig. D-2(c),
resulting in the NiFe being 60 jm below the sample surface.
were fabricated at MIT and sent to GIT for NiFe plating using the bottom-up tech-
nique described in this section. For the wet oxidation tests, 0.3 1 m thick wet oxide
was grown everywhere on the sample. On the other hand, 0.7 pm thick dry oxide was
used for the dry oxidation tests. Fig. D-2(a) shows one electroplating result using wet
oxide protection, and it is apparent that unwanted plating occurred on the surface. In
fact, surface plating occurred for all dies protected with wet oxide. Fig. D-2(b) shows
the result using dry oxide protection. In this case, surface plating did not occur,
but significant non-uniformity in electroplating rate across the sample was observed.
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Further testing indicates a reduction of undesired plating when dry oxide is used,
but in some instances, one or two spots on the surface still plated. The inability to
consistently prevent surface plating using either wet or dry oxide lead to the eventual
abandonment of laminated NiFe core in the turbogenerator device, as described in
Chapter 8.
Fig. D-2 also shows two cross-sectional views from a different set of test samples
plated with 1 mm of NiFe by Herrault using the vertical electroplating technique.
These test samples are similar to the ones used in the oxidation tests except that
the trench width is slightly wider - 80 pm instead of 75 pm. From the pictures, it
is apparent that the vertical electroplating process created a void-free fill. Further
measurements indicate that some trenches were underplated by approximately 60 pm
while other trenches were already overplated, corroborating well with the observed
non-uniform electroplating rate in samples used during the oxidation tests.
D.2 Permanent Magnet Machining
In Chapter 6, the process of machining magnet pie-pieces using a laser system was de-
scribed. It is useful to examine two other magnet machining processes - waterjet and
electrical discharge machining - to understand why laser machining was ultimately
chosen. The key difficulties encountered with these two methods are inconsistent cut
geometries and rough edges.
Waterjet Machining
Waterjet machining typically involves a high pressure stream of water, with abrasive
particles mixed in, that strikes the material surface to form the cut. By adjusting
the water pressure and the speed at which the nozzle head traverses the cutting path,
the depth of the cut is altered. Typically, this machining technique is used to create
intricate designs on a sheet material and is not associated with MEMS fabrication.
To adapt this cutting technique for making small permanent magnet pie pieces,
the NdFeB stock material, shown on the right of Fig. D-3(a), is attached to a 5 cm by
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(a) Stock material (b) Size comparison
Figure D-3: Photos of magnet machined with waterjet. The stock NdFeB material is
shown on the left, and the machined sample is compared to a dime on the right.
5 cm plywood block using double-sided tape. This plywood piece is then secured to a
large wooden baseboard with four screws so the entire structure can be clamped to the
waterjet machine. The machining process is then carried out, with the machine path
defined by the outline of the magnet pie piece moved out appropriately to account
for the kerf created during the cut. Fig. D-3(b) shows a comparison between the
completed permanent magnet piece with a dime for size reference.
Microscope pictures of the resulting waterjet sample are shown in Fig. D-4, and
they point to four significant problems that must be solved before this machining tech-
nique becomes viable. First, because the machining process completely cuts around
the pie piece, as well as the plywood beneath, the sample becomes loose toward the
end of the cut and rotates slightly, resulting in a "dog ear" formation at one corner
(see Fig. D-4(a)). This is problematic from the device standpoint because the irreg-
ular dog ear both can prevent proper fitting into the cavity and introduce undesired
imbalance to the magnetic rotor. A potential solution to this problem is to attach
the magnet stock material to a thick steel brick so the pie piece remains stationary
near the end of the cut. The second issue associated with waterjet cutting is particle
contaminations, as can be seen in Fig. D-4(b). Although these particles are remov-
able to some extent using solvents like isopropanol, it is very difficult to completely
clean the magnet pie pieces. Edge roughness and border corrosion are the final two
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(a) Dog ear at corner
(c) Edge roughness
(b) Particle contamination
(d) Border corrosion
Figure D-4: Problems associated with waterjet machining of NdFeB magnets. These
photos show dog ear formation, particle contamination, edge roughness, and border
corrosion around the magnet.
problems, and they can be seen in Fig. D-4(c) and Fig. D-4(d) respectively. They are
both associated with the fact that waterjet is not designed to cut a material as brittle
as NdFeB, so chipping occurs where the high pressure water stream strikes the stock
material.
In addition to the aforementioned problems, a difficulty in using waterjet machin-
ing to form the permanent magnet pie pieces is that-the completed pieces tend to
disappear after being cut. Because the cutting nozzle is positioned on top of a water
tank, loose pieces often fly off the supporting base material and drop into the tank.
During a trial cut where three pie pieces were cut, two of the pieces detached from
the double-sided tape and were lost. This is not acceptable from a fabrication point
of view, and although the problem can be alleviated somewhat by placing waterjet
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(a) Machined sample (b) SEM image near edge
Figure D-5: Photos of magnet machined with electrical discharge. In Fig. D-5(a), it
is apparent that a dog ear is present, similar to the sample cut using the waterjet. On
the other hand, the edge roughness is reduced significantly, as is the edge corrosion
width. (Courtesy of Keithan Hillman, CAU)
bricks beneath the large wooden baseboard to create an additional platform, this
solution is not ideal.
Electrical Discharge Machining
In contrast to waterjet machining, electrical discharge machining relies on a series of
high frequency sparks to gradually remove material from the piece being cut. Al-
though the processing time is increased, electrical discharge machining results in less
border corrosion and smoother finishes on the edges. Typically, it is used to pro-
cess hard metals such as titanium that cannot otherwise be machined, and the only
requirement is that the stock material be electrically conductive. During the machin-
ing process, dielectric fluid is flown past the sample being cut to remove contaminant
particles.
Fig. D-5 shows two SEM photos of a NdFeB pie piece cut from a sheet mate-
rial using electrical discharge machining. Based on Fig. D-5(a), electrical discharge
machining also produces a prominent dog ear, similar to waterjet machining. Also,
the inner radial arc on the sample reveals that the cutting process does not control
geometry specifications well; the arc is distinctly different near the left and right
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endpoints. Nonetheless, there are improvements in the edge roughness and corrosion
width, as can be seen in Fig. D-5(b). Compared with Fig. D-4(c), there are much
fewer protrusions on the edges.
CAU explored a variety of options to reduce the geometric distortion and relo-
cate the dog ear to the inner radius. Based on a gradual adjustment of machine
settings, CAU concluded that the size of the dog ear is reduced when the machining
is performed at a higher power and speed, but this also results in a greater corrosion
width. An optimal machining setting exists with the machine set to medium power
and speed. Furthermore, CAU reports that the use of brass wires in the electrical
discharge machining process also reduces edge corrosions. The dog ear location is
adjusted by changing the starting point of the cut, and CAU demonstrated that the
dog ear can be placed either at the corners or at the center of the inner arc. Having
the dog ear on the inner arc minimizes overall rotor imbalance, but a more desirable
magnet machining process would eliminate the dog ear altogether.
D.3 An Alternative Heavy Rotor
Chapter 6 described the fabrication of a magnetic rotor for use with both the heavy
bearing rig and turbogenerator dies. For the heavy bearing rig testing, a magnetic
rotor was used to assess the ability of the gas bearings to support a heavy rotor.
This assessment can also be performed by filling the silicon rotor cavity with a dense
material to approximate the weight of the permanent magnets. Although the magnet
pieces described in Section 6.4.4 are preferred, there were initial difficulties perfecting
the magnet cutting process, and a decision was made to pursue an equivalent-weight
filler material while the magnet fabrication procedures were optimized. A common
method to achieve conformal fills in silicon recesses is electroplating, and this was
considered initially. However, because the annular cavity is approximately 600 pm
deep and 2.5 mm wide, filling the entire region void-free by electroplating would likely
take several weeks. An alternative to electroplating is "metal molding," a process that
uses the cavity as a mold for molten metal. In particular, solder can be placed as a
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(a) Focused on top (b) Focused on bottom
Figure D-6: Silicon rotor sputtered with copper using titanium as the adhesion layer.
For this rotor, tTi = 100 A, tc, = 1000 A, and tr,av = 600 pm.
solid wire inside the cavity, heated up to initiate reflow, and cooled to solidify. Given
the long fabrication time associated with electroplating, metal molding was explored
as the method for cavity filling.
Filling the cavity with solder is not trivial, however. Solder is typically used to
attach components to a printed circuit board that has copper electroplated on the
surface; it does not readily adhere to silicon. Furthermore, solder tends to cool with
a convex bulge on silicon and may not completely fill the cavity up to the top surface.
Finally, solder can reflow and solidify on the journal bearing sidewall if the molding
process is not carefully controlled, which would render the rotor inoperable. The
following sections outline strategies to achieve a uniform solder fill inside the rotor
cavity.
D.3.1 Silicon Surface Preparation
To solve the adhesion issue between the solder and silicon, copper is sputtered through
an aluminum shadow mask in a Perkin-Elmer sputter system with titanium as the
adhesion layer. Prior to sputtering, the rotor surface is cleaned thoroughly using
piranha (3:1 H2SO 4:H20 2) and solvent cleaners acetone, methanol, and isopropanol
in order to prevent the sputtered metal from peeling off. During initial tests, shown
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(a) Remains of solder (b) Solder beads
Figure D-7: Failures during solder reflow for tcu = 1000 A. The photos show that
only small areas of solder remain adhered to the rotor after the reflow step and that
the rest of the solder beads up.
in Fig. D-6, 1000 A of copper and 100 A of titanium were used. However, the film
proved to be too thin and completely disappeared once the solder reflowed, causing
the solidified solder to bead and peel off when pushed with a metal tweezer. A possible
explanation is that the molten solder actually incorporates some copper and forms an
interfacial alloy, so if the initial film of copper is too thin, the entire film is consumed.
Fig. D-7(a) shows the rotor surface after a failed reflow attempt - only sparse areas
of solder remain on the surface, and the copper film no longer exists. Zooming in
near the cavity wall, two beads of solder are visible in Fig. D-7(b).
In order to make the solder reflow process work, the sputtered copper layer is
increased to 2 jm, and the titanium adhesion layer is correspondingly thickened to
1000 A. Under the same reflow conditions, the molten solder no longer pulls away from
the cavity sidewall but instead evenly fills the recess. Given enough molten solder,
the solder wicks out along the sputtered copper surface and forms a bulge above the
cavity as it begins to cool and solidify. Fig. D-8 is a simplified diagram that shows the
evolution of solder as it melts, reflows, and solidifies. Note that because the shadow
mask limits where copper is sputtered, solder does not solidify beyond the top surface,
which resolves the potential issue of journal bearing contamination.
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Sputtered copper/
Solidified solder
Molten solder/ \
Rotor
(a) During reflow (b) After solidification
Figure D-8: Schematic representation of solder reflow process. Initially, heat melts
the solder and forms molten solder within the rotor cavity. As the solder solidifies, it
wicks out along the sputtered copper surface and forms a bulge above the cavity that
can be polished back in a later step. Note that there are voids within the solidified
solder that are not explicitly shown.
(a) Solder wires (b) Solder spheres
Figure D-9: Picture of a wide variety of solder wires and solder spheres. (Courtesy
of Ningbo Qianxin Soldering Material Factory [35] and Senju Comtek [38])
D.3.2 Selection of Solder Material and Flux
Before detailing the steps necessary to achieve a perfectly filled cavity, it is instruc-
tive to sidestep briefly and examine the best solder and flux to use. Solder typically
comes in two shapes: wires, commonly used for printed circuit board applications,
and spheres, employed in applications involving ball grid array and chip scale pack-
age components. Both flavors come in numerous sizes, with the wires ranging from
13 AWG to 28 AWG and spheres ranging from 0.1 mm to 3 mm in diameter.
Solder wires are typically made from tin and lead, and the ratio of these two
elements determine the physical properties of the solder as well as its reflow tem-
perature. These wires normally contain an acidic rosin flux core that is activated at
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a temperature below the solder reflow temperature in order to clean the soldering
surface of oxide and other contaminants. Although rosin helps the solder adhere to
surfaces better, it returns to a solid form after the soldering process is complete and
must be cleaned off using isopropanol. If the rosin solidifies in any region beneath
the rotor surface, it would introduce unwanted imbalance even if the rotor later un-
derwent polishing. Furthermore, rosin that solidifies on the rotor surface may be
difficult to remove. An alternative to rosin is no-clean flux, which does not require a
post-soldering clean. Even though this type of flux cannot clean the surface as well,
it is sufficiently strong for removing oxidation on sputtered copper films when paired
with additional no-clean flux from a flux pen. In particular, SPC Technology offers a
21 AWG Sn 60Pb40 no-clean flux-cored solder wire (SPC11467) containing only 1.1%
flux that is well-suited for molding into the cavity as long as the copper surfaces are
treated with no-clean flux from a Kester 952-D6 flux pen.
On the other hand, solder spheres usually do not contain any internal flux but are
instead individually dipped into flux prior to reflow. The spheres can either be entirely
made from solder, or they can be formed with solder plated on top of gold or copper
cores. Initially, the author considered solder spheres as the prime candidate for filling
cavities with since they can be individually weighed or counted before being dropped
into the cavity, thus guaranteeing the correct amount of solder. However, it turns
out that small amounts of spheres would roll out from the cavity during handling,
upsetting the established weight. More importantly, it is difficult to uniformly coat
every sphere with flux by hand, and as a result, a large portion of the spheres would
not reflow even after reaching the eutectic temperature. This is illustrated in Fig. D-
10, where voids are visible between solder spheres that melted together but did not
reflow properly.
After experimenting with various combinations of solder materials and fluxes,
"simplest is best" seems to hold true. A combination of no-clean flux-cored solder
wire and no-clean flux pen works to fill the rotor cavity completely and leave the
surface clean. But simply using this solder and flux combination is not enough; a
very specific protocol must be followed. For example, although in theory it is possible
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(a) Region 1 (b) Region 2
Figure D-10: Regions in rotor cavity where solder spheres failed to reflow. This
problem is attributed to the fact that external flux did not coat every sphere during
the manual coating process.
to weigh the solder wire to determine the ideal length to use so the cavity will be
filled with a minimal bulge, the author found that the calculated amount, even after
factoring in a 10-15% overfill margin, would result in an underfilled cavity because
solder tends to wick out from the cavity along the sputtered copper surface as the
rotor cools. The following section describes in detail the steps that must be followed
in order to achieve a uniform fill.
D.3.3 Solder-Fill Protocol
Filling a large cavity completely with solder requires a lot of care. In general, the
soldering surface must be clean and unoxidized, enough no-clean solder must be used,
and the rotor should not be perturbed while it cools. The details of the filling process
are listed below, but note that only one attempt is allowed per rotor - this protocol
is not robust enough to allow a second reflow to complete the cavity filling procedure.
1. Begin with a rotor sputtered with 1000 A of Ti and 2 pim of Cu.
2. Paint, using a Q-tip, Kester no-clean flux on all the copper surfaces, including
the forward thrust bearing region. Avoid any splatter on the journal bearing
sidewalls.
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3. Take approximately 8 cm of the 21 AWG SPC no-clean flux-cored solder wire
and wrap it on top of itself to form a 3-D ring sized to fit the rotor cavity.
4. Using gloves, carefully place the wrapped solder wire into the rotor cavity.
5. Preheat a conventional oven to approximately 200 'C.
6. Place the rotor flat inside the oven. Check to make sure the rotor is not tilted,
or else the solder fill will be lopsided.
7. Wait for the solder to reflow and the smoking to stop. The presence of smoke
indicates that the no-clean flux is still escaping from the solder.
8. While keeping it flat, carefully remove the rotor from the oven and let it cool to
room temperature. The solidification is complete when the shiny solder turns
slightly dull.
The final solder-filled rotor will have a slight bulge in the center that completely
covers the cavity and the forward thrust bearing pad. To complete the heavy rotor
fabrication process, excess solder on the surface must be mechanically polished down
to the rotor surface without damaging the thrust bearing pad.
D.3.4 Mechanical Polishing of Solder
Four limitations unique to the heavy solder-filled rotor makes the polishing step es-
pecially difficult. First, the rotor is already released from the silicon wafer before
polishing, so it must be mounted carefully to prevent damages to the turbine blades
and journal bearing sidewalls. Furthermore, because the thrust bearing clearance is
only 3 /.m per side, the polishing process must stop as soon as the thrust bearing pad
is exposed. At the same time, rotor imbalance requirements require the mechanical
polishing process to achieve radial uniformity - points with the same distance from
the geometric center should polish at the same rate - so no additional imbalance is
introduced. Finally, the solder bulge can be as tall as 1-2 mm and require prolonged
periods of polishing to remove.
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(a) Using 30 ym pad (b) Using 6 pm pad
Figure D-11: Rotor surface scratch depth comparison. Fig. D-11(a) shows the result
of using a 30 ym pad for polishing. Comparing this to the result of using a 6 jm pad,
shown in Fig. D-11(b), the scratches in Fig. D-11(a) are deeper.
Given the difficulty of directly polishing a small rotor, the rotor is first attached to
a four inch silicon wafer using Crystalbond, a low-temperature wax that is typically
used for cutting delicate samples in the die saw. This protects the fragile rotor blades
and also makes the sample easier to handle. Following this, the entire four inch
handle wafer is attached to a blank TEM sample preparation holder from Buehler
using Crystalbond and is centered as best as possible. Centering is crucial in insuring
that the polishing process is as uniform as possible across the face of the rotor. Once
the adhesion solidifies, the blank sample holder is mounted to a Buehler EcoMet 3000
grinder upgraded with an AutoMet 2000 power head to allow for automatic polishing.
A variety of polishing pads are available for the grinder, and based on the thickness of
the solder protrusion, diamond particle polishing pads with roughness ranging from
1 jim to 30 Mm were chosen. Although a chemical polishing solution is sometimes
used during polishing, the solution can contaminate the rotor surface. Therefore, only
deionized water is applied during the rotor polishing process. Fig. D-11 shows two
microscope pictures of the rotor surface during polishing, and it is apparent that the
30 im pad creates much deeper scratches. Nonetheless, because the polishing process
is much quicker with a rougher pad, the 30 pm polishing pad is used until the solder
bulge is mostly removed, and a finer pad between 3-6 jm is used to complete the
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Figure D-12: Aft side of a rotor broken during polishing. A sloped solder surface
indicates that the polishing pad has made contact with the center region only before
the rotor broke.
polishing. Pads with roughness below 3 pm are not effective at removing solder with
a reasonable rate, so they are not used.
Two serious difficulties were encountered during the rotor polishing process. First,
because the grinder is not meant to handle non-planar samples with such a pronounced
bulge, many rotors were damaged during polishing. Some rotors broke under the
force applied by the automatic polishing head as the head lowered the sample onto
the polishing pad. Other rotors ripped the polishing pad apart after long polishing
sessions (one sample took the author more than ninety hours to polish, which required
multiple nights at the grinder), and the resulting shreds jammed the polishing head
and dislocated the handle wafer. Fig. D-12 is a photo of one device that was damaged
during the polishing process. In the picture, the solder bulge is apparent, and upon
examination, the solder does not extend beyond the rim of the rotor. Furthermore,
one sees that only the center region of the solder has made contact with the polishing
pad, and surface scratches are present.
The second difficulty relates to the requirement that the thrust bearing pad must
remain unpolished in order to preserve the single-sided 3 jpm bearing clearance. This
means that the polishing must be stopped when the thermal oxide is exposed on the
328 D. Fabrication Nnt~s
D.3. An Alternative Heavy Rotor 329
(a) Front side (b) Aft side
Figure D-13: Successfully polished rotor after solder fill. Note the oxide color in
the aft thrust bearing region and the undamaged turbine blades and journal bearing
sidewalls.
bearing pad, and all the solder inside the cavity must be polished down to the rotor
surface at that moment. This simultaneous occurrence is hard to achieve because the
protective oxide is only a few microns thick while the solder protrusion is on the order
of a few millimeters. To check for the exposure of the thrust bearing pad, the polishing
process is stopped every 5-10 minutes as it nears completion. After much trial and
error, one rotor was successfully polished, and the resulting surfaces are shown in
Fig. D-13. Based on the presence of thermal oxide on the thrust bearing pad and an
uniformly polished solder surface, this rotor can be tested in the heavy bearing rig.
It will be shown in Section 7.4, however, that even with careful polishing, this solder-
filled rotor is unable to run supercritically, indicating that the overall imbalance is
still too large.
Fig. D-14 shows a few close-up microscope picture of the polished solder rotor
after the surface is cleaned using acetone, methanol, and isopropanol. In Fig. D-
14(a) and Fig. D-14(b), one sees that the solder fill conforms well to the cavity
sidewall, indicating that the adhesion layer is effective. Moreover, color fringes on the
thrust bearing pad of Fig. D-14(b) indicates that the protective oxide film is present.
However, note that the color fringes are not present in Fig. D-14(a), which is taken at
the outer silicon rim. This difference implies that the polishing process is non-uniform
across the rotor, which explains why the rotor cannot invert. Finally, Fig. D-14(d)
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(a) Region 1 (b) Region 2
(c) Zoom into region 1 (d) Zoom into region 2
Figure D-14: Microscope photos of polished rotor. After polishing, the surface be-
comes contaminated and scratched.
shows that surface contamination result from the contact between the diamond pad
and the rotor surface.
There are two possibilities to make the solder-fill process feasible for future builds.
Most importantly, an improved protocol should be developed to ensure that the solder
bulge is at most a few hundred microns tall. This allows the polishing time to be
shortened to hours instead of days and will prevent damages due to extended polishing
on the EcoMet 3000. Furthermore, the rotor should be symmetrically surrounded by
8-10 support pieces that are slightly thicker than the rotor initially to ensure that
the polishing force is distributed evenly. Doing so increases the polishing area and
prevents the grinder head from wobbling axially, which in turn increases uniformity.
330 D. Fabrication Notes
BIBLIOGRAPHY
[1] Alabama Laser Technologies. ALT Laser Machining
alspi.com/lsrcap.htm, 2007.
[2] D. P. Arnold. Magnetic Machines for Microengine
thesis, Georgia Institute of Technology, EECS, 2004.
[3] D. P. Arnold. Review of Microscale Magnetic Power
actions on Magnetics, 43(11):3940-3951, Nov. 2007.
Capabilities. http://www.
Power Generation. PhD
Generation. IEEE Trans-
[4] D. P. Arnold, S. Das, F. Cros, I. Zana, M. G. Allen, and J. H. Lang. Mag-
netic Induction Machines Integrated into Bulk-Micromachined Silicon. Journal
of Microelectromechanical Systems, 15(2):406-414, Apr. 2006.
[5] D. P. Arnold, Y.-H. Joung, I. Zana, J.-W. Park, S. Das, J. H. Lang, D. Veazie,
and M. G. Allen. High-Speed Characterization and Mechanical Modeling of
Microscale, Axial-Flux, Permanent-Magnet Generators. The 13th International
Conference on Solid-State Sensors, Actuators and Microsystems, 1:701-704, June
2005.
[6] R. Beardmore. Adhesives. http://www.roymech.co.uk/Useful_Tables/Adhesives,
2007.
331
[7] B. J. Chalmers and E. Spooner. An Axial-Flux Permanent-Magnet Generator
for a Gearless Wind Energy System. IEEE Transactions on Energy Conversion,
14(2):251-257, June 1999.
[8] K.-S. Chen. Material Characterization and Structural Design of Ceramic Micro
Turbomachinery. PhD thesis, Massachusetts Institute of Technology, ME, 1998.
[9] C.-M. Cheng and M.-S. Ho. Experimental Determination of Mechanical Prop-
erties of Electroformed Ni-Fe Microstructures. Japanese Journal of Applied
Physics, 43(8A):5480-5481, 2004.
[10] D. Childs. Turbomachinery Rotordynamics: Phenomena, Modeling, and Anal-
ysis, section 1.4, pages 13-22. Wiley Interscience, Hoboken, New Jersey, first
edition, 22 Mar. 1993.
[11] S. Choe, W. W. So, , and C. C. Lee. Low Temperature Fluxless Bonding Tech-
nique Using In-Sn Composite. IEEE Electronic Components and Technology
Conference, pages 114-118, May 2000.
[12] S. H. Crandall, N. C. Dahl, and T. J. Lardner. An Introduction to the Mechanics
of Solids, chapter 4, pages 201-264. McGraw-Hill Companies, New York, New
York, second edition, 1999.
[13] S. Das. Magnetic Machines and Power Electronics for Power MEMS Applica-
tions. PhD thesis, Massachusetts Institute of Technology, EECS, 2005.
[14] Dynatex. Product Data Sheet Super Glue. http://www.accumetricinc.com/
dynatex/PDF/49435.pdf, 2007.
[15] F. F. Ehrich. Private Communications, 2006.
[16] A. H. Epstein. Millimeter-Scale, MEMS Gas Turbine Engines. ASME Journal
of Engineering for Gas Turbines and Power, 126(2):205-226, Apr. 2004.
[17] A. H. Epstein and S. D. Senturia. Macro Power from Micro Machinery. Science,
276(5316):1211, May 1997.
332 Bibliography
Bibliography
[18] L. G. Frechette. Development of a Microfabricated Silicon Motor-Driven Com-
pression System. PhD thesis, Massachusetts Institute of Technology, ME, 2000.
[19] E. Hecht. Physics: Calculus, section 8.4, page 282. Brooks/Cole Publishing
Company, Pacific Grove, California, 1996.
[20] F. Herrault, C.-H. Ji, S.-H. Kim, X. Wu, , and M. G. Allen. A Microfluidic-
Electric Package for Power MEMS Generators. MEMS 2008, pages 112-115,
Jan. 2008.
[21] A. S. Holmes, G. Hong, and K. R. Pullen. Axial-flux Permanent Magnet Ma-
chines for Micropower Generation. Journal of Microelectromechanical Systems,
14(1):54-62, Feb. 2005.
[22] R. T. Howe and C. G. Sodini. Microelectronics: An Integrated Approach. Prentice
Hall, New Jersey, 1997.
[23] I. E. Idelchik. Handbook of Hydraulic Resistance. CRC Press, third edition, 1994.
[24] T. H. C. III, J. Rosario-Rosario, and A. P. Pisano. Feasibility Study of a MEMS
Viscous Rotary Engine Power System (VREPS). ASME International Mechan-
ical Engineering Congress and Exposition, Fluid Engineering Division, 260:301-
308, Nov. 2004.
[25] S. Jacobson. Private Communications, 2007.
[26] H. Li. Private Communications, 2006.
[27] L. Liu. Theory for Hydrostatic Gas Journal Bearings for Micro-Electro-
Mechanical Systems. PhD thesis, Massachusetts Institute of Technology, ME,
2005.
[28] L. Liu, C.-J. Teo, A. H. Epstein, and Z. S. Spakovszky. Hydrostatic Gas Jour-
nal Bearings for Micro-Turbomachinery. Journal of Vibration and Acoustics,
127:157-164, Apr. 2005.
333
[29] C. Livermore, A. R. Forte, T. Lyszczarz, S. D. Umans, A. A. Ayon, and J. H.
Lang. A High-Power MEMS Electric Induction Motor. Journal of Microelec-
tromechanical Systems, 13(3):465-471, June 2004.
[30] Magnet Sales & Manufacturing Company, Inc. Properties of NdFeB Magnets.
http://www.magnetsales.com/Neo/Neoprops.htm, 2000.
[31] W. Maszara, G. Goetz, A. Caviglia, and J. McKitterick. Bonding of Silicon
Wafers for Silicon-on-Insulator. Journal of Applied Physics, 64(10):4943-4950,
1988.
[32] E. Mazza and J. Dual. Tensile Test. http://www.ifm.ethz.ch/research-98/html/
Micro-34.html, 2002.
[33] MEMSnet. Material: Silicon (Si), bulk. http://www.memsnet.org/material/
siliconsibulk/, 2007.
[34] S. F. Nagle. Analysis, Design and Fabrication of an Electric Induction Micro-
motor for a Micro Gas- Turbine Generator. PhD thesis, Massachusetts Institute
of Technology, EE, 2001.
[35] Ningbo Qianxin Soldering Material Factory. http://www.solder-wire.com, 2007.
[36] NIST. Part 1 - Mechanical Properties. http://www.boulder.nist.gov/div853/
lead free/partl.html, 2002.
[37] H. Raisigel, O. Cugat, and J. Delamare. Permanent Magnet Planar Micro-
Generators. Sensors and Actuators A: Physical, 130-131:438-444, Aug. 2006.
[38] Senju Comtek. http://www.senjucomtek.com, 2007.
[39] S. D. Senturia. Microsystem Design, chapter 13, page 327. Kluwer Academic
Publishers, Boston, Massachusetts, second edition, 2003.
[40] A. H. Shapiro. The Dynamics and Thermodynamics of Compressible Fluid Flow,
volume 1. Ronald Press, New York, 1953.
334 Bibliography
Bibliography 335
[41] Z. S. Spakovszky. Private Communications, 2006.
[42] Z. S. Spakovszky and L. Liu. Scaling Laws for Ultra-Short Hydrostatic Gas
Journal Bearings. Journal of Vibration and Acoustics, 127:254-261, June 2005.
[43] S. M. Spearing. Private Communications, 2006.
[44] J. L. Steyn. A Microfabricated ElectroQuasiStatic Induction Turbine-Generator.
PhD thesis, Massachusetts Institute of Technology, AA, 2005.
[45] C. J. Teo. Private Communications, 2006.
[46] C. J. Teo. MEMS Turbomachinery Rotordynamics: Modeling, Design, and Test-
ing. PhD thesis, Massachusetts Institute of Technology, AA, 2006.
[47] C. H. Tsau. Fabrication and Characterization of Wafer-Level Gold Thermo-
compression Bonding. PhD thesis, Massachusetts Institute of Technology, MSE,
2003.
[48] D. Veazie. Room and Elevated Temperature Characterization of Magnetic Ma-
chine Test Structures. Unpublished, 2006.
[49] S. Z. Vijlee, A. O. L. N. Domaschk, and J. H. Beno. Directly-Coupled Gas Tur-
bine Permanent Magnet Generator Sets for Prime Power Generation On Board
Electric Ships. IEEE Electric Ship Technologies Symposium 2007, pages 340-347,
May 2007.
[50] C. Wang and C. Lee. An Eutectic Bonding Technology at a Temperature Below
the Eutectic Point. IEEE Electronic Components and Technology Conference,
pages 502-507, 1992.
[51] W. Weibull. A Statistical Theory of the Strengths of Materials. Ing. Vetenskaps.
Akad. Handl., (151):1-45, 1939.
[52] Wikipedia. Skin Depth. http://en.wikipedia.org/wiki/Skin_depth, 2007.
335Bibliography
336 Bibliography
[53] Wikipedia. Tensile Strength. http://en.wikipedia.org/wiki/Tensilestrength,
2007.
[54] W. Wu, V. S. Ramsden, T. Crawford, and G. Hill. A Low Speed, High-
Torque, Direct-Drive Permanent Magnet Generator for Wind Turbines. Con-
ference Record of the 2000 IEEE Industry Applications Conference, 1:147-154,
Oct. 2000.
[55] W. C. Young. Roark's Formulas for Stress and Strain. Mcgraw-Hill, Texas,
seventh edition, 2002.
